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NOTATION

The m,_!hnm ased here have been.- s.ecd.e*.I- ...=".- dA a-v .,-11

with the symbols used in earlier Shipbuilding Institute investigations of
rudder and steering characteristics. Insofar as possible, they conform
to the recommndations of the International Towing Tank Conference.

Points

0A Center of the turning axis of the rudder in the zy-plane
of the ship

"0/ Center of lateral resistance of the ship without rudder

lengthe

A Interval of abscissas (Figure 6)
B Maximum breadth of ship
IS Maximam profile thickness

. lThickness of profile noae at dy/dz - 0 (0igu 3)
S ?LThickness of the trailing edge of the profile

B. Original thickness at the trailing edge of a
uhortened profile

I Lfngth of the straight profile tail
o. Thickness of the rudder neck (Figure 5)

HM Rudder height
L Profile length, in general

LLi +•-I•.d Lateral length of the hull
0

(L t /1)04 Ship's rotation at 35* rudder angle

LLA- f,-d. Lateral length of the rudder

o Lo Original length of the shortened profile
.O Length of the upper edge of the rudder

LOP Length between perpendiculars
LX. Rudder length
L51  Lengh of the rudder at the heighta
L.i Length of the lower edge of the rudder
LWL Length in the wamterline of the ship

Length of a waterline at the height s
a Length of the profile nose
jB Radius of path, in general

Radius of the path of thm center of lateral resistance
r Radius of curvature of the profile contour at the

uudimm thickness
Radius of the profile nos
Radius of the trailing edge of the profile
Lengh of the profile tail of variable thickness

T Drat of the ship

Vi



Profile abscissa, longitudinal axis of the rudder,
iongitudinal axis of the ship

X ar Distance of the profile noke thicknes from the leadine

XNA Distance of the profile noeok from the leading edge

XLA Horizontal distance of the turning axis of the rudder 0A
from the center of lateral resiotanoe 0L

P Proifle ordinate
SVertical distance of a waterline above the keel base or

above the rudder base, respectively
n - y/A Non-dimensional ordinate

Contour parameter for the curvature on the profile nose
(Figure 6)

AL =- 2 T'/AA. Aspect ratio of the hull
Al =- IH'AI Aspect ratio of the rudder
An,-= ls/ARa Aspect ratio of the rudder with unshortened profile length

-- /A Non-dimensional absoissa

Areas

AZ Lateral area of the hull
Ait Rudder area
A, Rudder area for unmhortened profile length
As Cross-sectional area of the slipstream in the test

section of the wind tunnel
-. • AZ(LwL .7') Fullness of the lateral area

V Volume dispiacement of the ship

l- l VI(L. .BT) Fullness of the displacement, referred to the lateral
length

djp V/(L,,. p. T) Fullness of the displacement, referred to the length
between perpendicular

Angles
* • Rudder angle, positive for the atero rudder in the

sense of the port side rotation
SAngle of oblique fLow, in general
9a Drift angle on the rudder wia, in general
$As Drift angle on the rudder axis, determinative for non-

linear forces
SAW Drift angle on the rudder axis, determinative for

linear forces
9L Drift angle at the center of lateral resistance of the

ship
ema Flow angle at the transverse force maximum

CR Flow angle of the rudder, in general
9 Rs Flow angle of the rudder, determinative for the non-

linear forces
C V Flow angle of the rudder, determinative for the linear

forces

vii



Velocities
9 Relative velocity of the flow to the ship

ON Relativ veleocity of the fl.ow to the -. 4der
i - v -.Lx/ Reynolds number of the rudder

Porcus and Moments
C Transverse force of the rudder perpendicular to v and

positive toward the right, as seen against theR
relative flow

Ca Transverse force contribution of the rudder to the ship,
perpendicular to v and positive toward the right,
as seen against the relative flow

cc wC(A b.ft #.) Transverse-force coefficient of the rudder
ccm," Maximum transverse-force coefficient of the rudder

rV = DI(A8 .•/.•) Resistance coefficient of the rudder

amN• mj(A. m% . • A.q•Coefficient of the rudder moment referred to L/2 /

13NU Corresponding coefficient of the rudder moment
referred to Lo/4 from the leading edge

0jrW Drag power coefficient of the rudder, Equation [6]SCoefficient of the non-linear transverse-force gradient
Coefficient of the linear transverse-force gradient

.r - X/(A A.v ' /S) Longitudinal-force coefficient of the rudder
or Corresponding lateral-force coefficient of the rudder
Cryr Coefficient of the control force of the rudder,

Equation [5]
D Resistance of the rudder, positive in the direction of

the relative flow of vR
DR Contribution of the rudder to the ship's resistance
At Moment about the vertical axis of the rudder at L /2,

positive as seen from above, clockwise directiL
it Moment about the turning axis of the rudder of any

arbitrary location
AJrm Contribution of the rudder to the yawing moment about the

center of lateral resistance of the ship
M

d NMment about the vertical axis of the rudder at L0/4 from
the leading edge

x Longitudinal force of the rudder, positive in the
rudder-x-direction toward the bow

xs Contribution of the rudder to the longitudinal force of
the ship t

Y Lateral force of the rudder; positive in the rudder-
y-direction to starboard 4

YR Contribution of the rudder to the lateral force of the
ship

Physical Quantities

Kinematic viscosity of the flow medium
Density of the flow '.Aedium
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ABSTRACT

Starting from present day criteria for the choice of the
size and arrangement of rudders, this paper discusses the
suitable streamlining of guiding-head and balanced rudders.
In addition to a purely visual comparison of conventional
(usual) and newly developed profiles, the report Includes
profile offsets that have not been published previously and
contrasts the form parameters of various rudder profiles
which are based on a familiar mathematical method of pro-
file representation. Comparative studies of several familiar
foreign rudder profiles and of rudder profiles which have
been developed in the Shipbuilding Institute in recent years
indicate that the modern profiles definitely improve rudder
efficiency, both when the ship is moving astern and ahead;
this also applies to bow rudder profiles. The influence of
the thickness ratio (proportion of thickness to length) in
the case of plate rudders-vwhich has not been established
experimentally in publications thus far-is indicated in an
additional test series. To illustrate the possibilities of
subsequently improving the rudder profile either in effi-
ciency or balancing, the use of a rudder wedge arrangement,
with and without profile shortening, is discussed and
examples are given from a special experimental investigation.

A. INTRODUCTION

Support received from the German Research Association and an ex-

tremely effective grant from the Ministry of Transport has enabled the

Shipbuilding Institute of. Ehe University of Hamburg to carry out several

theoretical and experimental investigations on the characteristics of

rudderi over a period of several years. Moreover, it was possible to

observe that during this period of time, the range of problems concerning
rudder and steering qualities of ships became larger an( more acute.

Thus, it was easily possible that the active pursuit of these investigations

was promoted and broadened by a fruitful contact with present-day require-

ments, on one hand, and by benefiting from the investigations started in

other research institutes on similar subjects, on the other.

The result was not so much a solution if individual problems taken

up cmsecutively, but rather the pursuit of research work on a broad front;

hence, it will be understandable that the broad investigations are not

entirely completed but that it is inadvisable to delay all reports until

final completion. A number of findings have already been arrived at on the



basis of the results obtained in several individual fields which may have

fairly useful practical applications. Hence, the purpose of this paper

is to supplement the subject matter area of the intermediate results
reported thus farl' 2 &a well as the nearly concurrent intermediate re-

slts0t In this connection, I must therefore ask the forbearance of

the reader if the timing of this report appears to be too early in view of

the whole range of problems to be tackled and too late in view of the

many detailed results obtained.

Since the installation of the facilities required for these and

similar experimental investigations is still incomplete, many compromises

regarding technical execution of the investigations were required. Staff I
workers of the ShipbuIlding Institute, especially Messrs. Bbhme, Thiemann,

and Malzahn, deserve credit for the fact that the quality of the test I
results was not adversely affected by this circumstance.

B. CRITERIA FOR ARRANGEMENT AND STRUCTURAL DESIGN f

The first consideration when designing the rudder of a ship is, of

course, determination of the surface area. As a consequence of the pro-

peller arrangement and of certain real-or assumed--requirements for ma-

neuvering characteristics, we then obtain in relation to the preselected

surface area, a more or less arbitrary arrangement of the rudder or rudders

in relation to the ship and especially in relation to its propulsion

system. After this determination has been made, relatively little leeway

remains for selecting the aspect ratio of the rudder (AR =-H R/A), the 4
surface outline, and the type of rudder. In making these last-mentioned

decisions, it will often be found that structural and operational con-

siderations play a decisive role and that the only remaining problem of

the hydromechanical design is to utilize the structural conditions to

attain the best possible hydrodynamic efficiency.

If for the time being we disregard the attempts at "hydrodynamic

treatments" of undesirable effects of horizontal gaps and the "are

'Refereces are listed on page 57.
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j occasions to arrange for end disks end intermediate disks, than the only

design element remaining for this hydrodynamic problem is the streaslining

of the rudder. This last problem represents the core of this report.

I However, in order to see it in the proper context, we shall first conmider

the other problems involved in desigiinr ship rudders.

Even today statistical data are used-probably almost exclusively-

in selecting the sise of the rudder surfaces. Several sources 3j4•69

indicate, in the "usual manner," as it were, the rudder asrea as a percent-
age of the lateral plane (AR/A) an a function of thb ship type or as a
function of the volume displacement * referred to the lateral plane AL and

and the lateral length LL. The results of References 3 and 4, conceived

to be valid for "normal" merchant ships, are shown in Figure 1. They are

I..;7 I'

0 MDEL TESTS BY

Siopi i
4 U

Figure 1 - Minitmm Rudder Sizes for Directional Stability

reasonabJly consistent with onie another as wefl as with the data of

Referemoes 6 to 8. These data are based on the practical requirement, of

[3



providing ships with a high value 9/(AL . Ld) with a rudder area whick ise
sufficiently large for directional stability. In the case of shilps with I
smmll values of 'PAAL . LL), on the other hand, this dimensioning criterion

would roe"st in .a unusuaally small rudder area; it is true that directional
stability of the ship would be attained, but the radius of the turning

circle would be unusually large.

Thusm we have touched on the two steering quoalties of a ship which

are the most Interesting for practical ship operation. Frequently,, only

the radius of th, turning circle as such comes under discussion; by this

we tao~itly understand the smallest turning circle or, more procisely, the

radius of the turning circle at approx~mately 35-dog rudder angle. This

is represented nondimensionally as "rotation" (L,/I)s in Figure 2. ]n

. €-/F

Figur 2 -Rudder Size enud Turning Ability at a 3S-Degree Rudder Angle

contrast to the aforementiLond directional stadbility, thits radius of the

tunn ciLrals represents a clearly defined characteristitc of every ship,

one which can be controlled with relativie ease and whiLch at least g;iven a

very pod clue for Judod-its behaviodnr. In each special came,, it is

, possible to mot aseLs requilrwmen vhi.,h can easily be Justified. The

4I

- 1ýt

0, L



situation is altogether different in the case of directional stability; net

even the :er ts hwe sgeed on the definition, let alone on the €orrOct

designed vessel must have directional stability. However, *von the question
of whether a ship mat have 0natural' directional stability, L.e., not

require automatic pilot, or whether it m suffice to attain directional

stability, vith the aid of an automatic pilot is by no mans unanimously

decided a yet.

Without doubt, however, directional stability is the mest signifi-

cant of all the steering qualities of as ship; ultimately, of course, a

ship nsot first of all be able to keep a fixed course in an economical ways

and the ability t alter tlis course will have to be of secondary ipor-

tance. With this in minds it may be soormhat surprising that References 10

and U offer statistical data for the choice of the rudder size am a

function of the desired radius of the turning circle (see Figure 2). Prob-

ably the reason for this procedures which may not seem to be altogether

logical, consists solely in the fact that the greater obviousness of the

radiun of the trning circle holds a certain attraction comared to di-

rections' stability. It may also be that these procedures were originally

conceived in much a ma mer that for a given ship with a given rudder

surface, the radius of the turning circle to be expected was to be determined

on the basis of statistical data or of adapted theoretical considerations; j
see Rferences 0'" to 14.

The diagraw of Figures 1 and 2 are based on the above-mentioned

data, on an additional personal report of the Haurg Model Basin (KSvA) on f
proven rudder sizes of trawlers and inland vessels (self-propelled vessels),
and on qualitative derivations from the underlying theoretical principlesj

contained In Reference 5; these diagm serve to determine the rudder size

as a function of the above-imtioned %ba breadth-langth ration
r jZ/,-k*Dr.T S. B

As-* ,-&-T -X ~ r -, LS -' WZ"

for a specified constant or a statistical directional stability. Moreover,

they serve to Indicate the radii of the turning circle that are randomly

obtained with this selection. Ih addition the changes necessary in the



ru r suface (beyond or below the #ime governed by directiona stability)
to attain a correponding chumop in thi radius of the tauing circle nor
be esiated. he• data of Polenskt.O Schmsbarrpa ad lauboi we useful

for this purpose a agree very well vith the malytical results obtained

by Schmitz (aee Figure 2). fre data take from Reference 3 are alto-

gether different; they show Ipli l the determination of A/AL am a
function of /,. LL) ad are thus unsuitable for determining subequmnt
changee in the rudder sime. According to Refere.ce S, the two curves con-

tain m implicit determination to the effect that the rudder mise is alvays

chosen in much amner that the directional stability barely vanishes so

that directional int•bility prevails. Mloreover, Figure 2 should not be

used for values smallorr than AR/AL - 0.01 ad for valn"s (j 35 greater
than approximtely 1.2. In the case of every normal ship, a marked re-

duction In the rudder surface toward sero by no memo leads to a muaima

rotation approaching mera; even without rudder, a finite tanning circle is

still obtained. Conversely, In the case of a fixed rudder angle of 35 deg#

an arbitrary increase in the rudder surface by no mans produces a further

increase in the obtainable rotation. An indicated In Reference 3, a

rotation of approximately 1.2 represents the practical asyptotic boundary

value for infinitely large rudders.

Ir Figures 1 .ad 2 the rudder surface area is presented as an

obvious criterion both for attaining tuning ability mad for attaining

directional stability and coupled with the latter for insuring *raw-

checking ability' for the ship as well. To be sure, this ia a customary,

but nevertheless coarse siqilificatin of the actual relationships. Thdre- 4
fore, it s•uMLd be esressly pointed out that the dimensioning of the dead-

wood In front of the propeller mad the arrangment of fixend fins behind

the propeller awe also to be taken Into consideration, both with and with-

out the rudder, if certain characteristics of the siWp are to be produced

or changed. In this comection, it mhould also be pointed out that these

measures are not nearly equivalent. An Increase of the deadwood means

*Tra.latorz, notes 8sf, rt -yaw-checking ability, ability to
check wing of ship's head by lsqing the rudder to the opposite hand,

%iseting"ability.

6S i4

I=

S.

K



"Noathing totally diffrenst from. - increase In the ride a"ea. or a
additional arringmmet of fixed flne. Attention should als be called to

"e"uvalance of~ the deadimod aree wnd thne rudder enlargemenut with regard to
directional stability which exlets in the came of a smooth oea ia easily
lost in a following msea for instance. Ibis dower Is easiL3 lutensIfied

Iif the areas of keel or bilge boels are diamesioned with s~rame scantiness
as Is cautomary. ft is too 3asIly forgotten that the keels not only serve
to stabilizae the skip aemi-s rolliag but elso to Improve directional
"stblity by reducing the possibility of rtiaming off course.

An addtional factor IA iqilicitly contained In the above-.mntioued
statistical an simplified amalytical resuldts although it is not considered
In arefined form. This is the effect of the aspect ratio of the rudder

wichid varies with the rudder Also for a given shIp.
the ratio of the rudder heiot %~ to the draft T depends mostly on

the basic design mnad lies In the vicinity of

("if) 2 - 0.3 to 0.7 to 0.6

if classified staistically by types of ships.
If we now molude extrem mases e.g.0 old river tug boats or old

sailing vessels, than# accor'di~ng to Squation (1]s, we still obtain a spread4
of the rudder aspect ratios A,, from 0.? for short fall vessels with large

rmifte areas up to 2.5 1cr long slander ships with correspondingly sma)'

rzider area". On the basis of, the as;p aet ratio alone, however, the initiel
efficimen of the rudder Is almost twice as high for a greater aspeat
i ýIo as for a smiller mue. Thne smaller aspect ratios, on the ofther hand,
hkave aprwM atl W percent hblow effIciency at maimuam rudder angle.
uam It will Indeed be possible to inf11nc directional stability as well
as turning Ability ad WIhkJigability by the choice of a rudder
aspect ratio. rn actual practice, however, these facts can be utilized
emly in the trastion to fte, inltiple-swrface arrangement.

7



has crtain rav oe affcton th efie ncy ofmit)erde (lh trameeo
PwI iiately toA. Pob 1 oomepiouutm in ewet cases* owor

effect~te Is f mdmtaly chwac sistioas sfar as tome rueingh uroill tis g

ability is acuvowy sliWa. ft ts easier for ouch a design to tafluence

the tenidency of a vessel to weer off course at full speed ahead or at full
Mpsed sterfl tilc starting from the at-rest position. Obviously, however,

tmftd the eraepftidil. rudder for it is precisely the trapeacidal rudder

gulwr rudder or even awre cowered to the rudder with the planfomi of a

is sar~at Inferior to the rectaiguar rudder because of its unfavorable
psemme distribut los. Sqterlority would be obtained only for the trap.-
joidal twin rudder Whoe upper edge would again hae" to be sameikat shorter

thnthe sexiswm rudder length. Brea the static advantages of the trape-
noid we overetisaed in the case of the spade rudder since the center of
the application of the force for the banding inmst of the rudder Post is
wet ljocated. In the center of gravity of the surfaceo but alva* lies
-oWL beloW.

Mordifg fto a proven rvue of thumb~ by Schranks this cauter lies
between fth acutal canter of gravity of the surfacea nd the center of
grvity of the swfaoe of the eqmui-uerea full ellipse of equal positiont in
a vertical sens &Md heit. Maces campaed to the rectangular rudder,
dw apparent effect of the besding momat reduction throu* the trapesoidal
ftern is reality Is emiltr se-half. Irf thi factor is tahen into aocoimt,
it is peesible that In amw cases the sispler structural design uad the
"M"moe byre4,sout larom-1n In tecase of the rectangular rudder
ui4dt iaflinmo te *- prool.e in this direction. Of course for static
ressea, the rectin~lar rudder calls for a greater relative profile thick-

wa Pmv- -apee to the trapezoidal rudaro If,, for Instances -o start out



frsatrqapoasldal ratio of the I~t of the lfter edge LiM to the

laafth of the iper edge LOR of 2/3 ratio which Is aizeed quite larges
___ ~ ~ ~ ~ ~ IO .h _qiwarcgl ~Aer calls for ata izc.au we

relative profile tuichaeos of a little Over 20 percent, ise.. from sj'mQ-

imately S4- 0.20 for the treasoidal rudder to SA/ - 0.23 for the

In making a b~dx odynamic comparison between trapescidal and roc-

tagulwi rudder am it is practically aeqi-soed In the formation of the
familiar coefficients for force compofente and momnts it mnust be borne in

miad that for the traopesoidal ru'dwr, the "lateral length" is to be used

as the length in feroifg the momet coefficient; this "lateral length of

the amadder in obtained geometrically simply from the fundamental rvlation

LL~m4-fLhS$ ds

Mid intsu to

In the came of the traesoidal rudder. Mai the came of the elliptical

ridde contour, it amousta to

(43

To this case, it will be seen that fumdxal1ey the rectangular form must

aluW* yield te smaller ruder amet since the lateral lengths LL for

the trapousid and ellipw s lo'w* turn out to be somewhat greater-although

for practical. form only slightly so-ote the mea rudder length whuich,

of csorse,, is also th lAteral length for the rectangular rudder.

In addition to tho static criteria, the structural mid operational

criteria also dnteumiae dw type of the v wifd bearings and in tur the

chice of tke rudder type wdell 3h mot cases, factors suen aM corn-

twiuet raw. Mlity ad th wae of sotifriction bearings or alegyn-type

bearings determine Aimtbor a spade . War or a somi-balanced rudder is

chosen. Althoug this has not yet boen taken Into accaust ~eimeeta

in this paper ow atteatism in mevertbeles directed to the fact that



asoideml. aterfte an stil required in the eara of Mftr ds@.~ to
offet tb funamenal r0*P3.amc interiority ofthu an-balancedf

rudder or at least to mixiimeu It. fsothe special rudder design-
diftmeat from the nermal balsmou rudder-. is the on"L~eoe tbrom I
rude with a caftirnvo guiding heedg, or moe briefly# the guide head

ruddu. ft has recmently left som of its present-d#r significance, but it

often far peater possibilities of arriving at a by rodysmioally matim-

factory dsilp (ee Figure 1).
All uddr toso ave n cmmo thestrcturl ad opratona

inter~est In choosing the location of the turning .sal of the rudder in such
mumo hat fer the normal condition of ahead motion the suon positiaui of

the rudder with reaird to the rudder momet our" iu a stable omndition
in ornder to avoid flutter, noise, and addItional bearing stresses. Uni-
fertuate3 it is iWM~osei1 to satisfy thes desires by placing the
turning axis far In frost because in that came the rudder ments inreses
greatly at max.m redwe angles wan under loadings In a seamiq For-
tumatelys th effect of the twist of the slipstresm brings Aut a dia-
Plaomiot of the Premoure canter to the rew-, this mut be I ins ha d
AdiM =Usi amt without a propeller. 11 mpd1A It37 of this,p how-
ever, ther is the Pr2Abmt baseda en truatueal e i Inms, of develop-
iug profile formw uAih have "&wsue caustm 9 that are located as for as
possible to the rarl this has, In fact, been achieved to -a cartain mextan
In the case at 1t nm at an umemy developed profiles met forth ini

this repr,.hsmd3 tbmof~ or ham addition thereto, exrmente
am to be carried fqin4r by taidin OwtificialO masures such as removal 4
by utaI

C. urINmxc" -M

"Mh is drm~fld" apets sopplama f etruseoral mecte. Amy

workc to effectively develm p od redder hem aouLd consider carefully
all strwtiwal and~s desire mA be nxeoptiw to smusdtt

uls~eswtheft he me r mideptingCh directly asthe famdomtal a-
dittomm for aso sd a y desip. Mhe byog ik i romm dswae@omt mt
-omi sufficien seeps, fOW PWS3I kgirs ndesi pqmct in mAer that

110
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potmaa y si oalfimt effects which later mW beoam stri•ra.ly

possible In asm mindifted form on not ensluded at the -beginmiag Not

ol form ht are atiruo•alUy possible mid Ian d ,.Wull40afly sound mO
to be p seted as tke highights of a dmlopom t for em form

ae now aonsidered sts-twurl2•y unumau or wich are even L ', it 1a

:nsatz ew zmsy yield it~1ereftin data and that l the usefuetl foum-
dation for further development.

In this tait thbn, we sall repor t onley on the audder UMt pro-

file US 358 I 25 idaah is structurally possible because of its thick

rear ege end Aich in of ma altogether *advanoed deutgn" Wydrydyumioa~ly

speaking (the lost nor indicates the mimimm relative thiolmeme in per-

oest--ee Figune 11) but on profile UJ S 62 TR 25 as won. -ProfIe M 62

2 25 In Avdrodynamical2y suoUmior but because of its very thin trai2ing

edge it ort.aMnb wl not booome popular in thi fozm, satruturealy

pkng. Dm the form of a thick plate (Figure 13) beveled in the fros
and rem, whicb an earlier 'haeetizatmon2 had skhow to be inferior from thke

by reA I .c standpoint med the equally inferior, nemdy im citi~ated

P1*. bow rmMu IrS 7 M 15 (Pigawe 12) shall not be disregarded. We

jun11 an i•gare me,, such crude form am JI's 39 MR 15 or J38 54 Ut 15

(Fl4w*e !) It tsae ev, mnoe norwi bow rudder form ae brdrodynamialy

nom 3 - Odder fyct on the Trming Ship

n1

7iT I

,* • • . . .•



•Th fundeonta hydi -- bani, exef for Judgin te qualty• of a

rudder int# of cowere be fmunished by the purpoe which the latter is

tv-sere =the s~wp 1htwut results set forth here we Amdixtely
""cable fto a wd ul t4rwin ahead motion. ouftdgng , t ue h data - are
regarded as decisive for 1l of the purpose. the rudder is to accomplish

on she pj altimugh the rudder effect in wtraight-9head motion is only4
Immary and relatively weak in al• oases. To roumd out the pict•re,, we

shudalso consider the rudder effect on the turning ship (Figure 3)
,which after a•l, Is re prmmonoced in most cases.

Figure 3 is a schanatic &swift of the hydrodynsmioall Interesting

drift angles at the center of lateral resistance oL an the rudder ax
6A' fond fr the rud'er -c deflected by - 6 R The rudder forces are

repreas ed, on the one hand, an the longitudinal rudder force I and the
lateral rudder force I, and the rudder shaft momet Ma; anan the other
hand, they we represented as a rudder contribution to the lmagituuinal

far-e of the ship], to the lateral aorseoft he ship T,,, and to the

Yawng tl about the vetioma. (normal) axis N~ of the center of lateral
resistmce. fte rudder contributions to the transverse force of the ship
amd to the shAp rsistance are Ct and DR. The hydrouchuicafly Intere•ting

effects of the rudder on the ship as a %hole awe the control force Y,
Aic•1h is decisve fo the ,,ontz bution N and ifoh thus brings about the
turning of the shi, the rudder contribution to the drag power requirmet

of the ship L*" hih is determinative for the speed lose in the turning
circle9 and finally the contribution to the trasverse force of the ship
C1. The contribution to the tramsvere force of the ship has only a veri

indirect affect an the steering chwacter,'Catios of the Uhdip % .eass it am
hwdly be ktf.moed ly oof control force; hence, it is not
given W further attention in this onnoction. From Figure 3* it it

essil possible to ewtablish a relationship for the canrl force wdith
force caqpas refewed, to rdder xx-.

n this conection, we iowdiately Introduce the customary non-
8diminaml Smog. see the Notation. In conneotion with the drag

12



coefficient, .we have disregarded in Equation [61 the contributiop to he.

chaft moment\(shaft torque) Ma which is insignificant compared to the

steering moment MK.

L ZZA [
c= C n (@ L + diR) -.- •C (OZ + 6PO) [YR,

RLR LL [6y1

According to Equation [5), when the ship is moving straight ahead,

r is exactly equal to the transverse force coefficient of the rudder as
indicated by cC in Section F for the test results in wind tunnels;

According to Fquation [6] cW, becomes equal to the rudder resistance co-

efficient cD from Section F when the ship moves straight ahead. In this

case, the oblique inflow toward the rudder, quite generally designated as

s in Section F, coincides with the angle of rudder deflection 6 In

accordance with the definitions of the symbols in the Notation, for a

positive rotation LL/AL of the ship, the rudder angle in terms of the

rotation must be regarded as negative.

According to Figure 3, moreover, we find that for the turning ship,

the inflow at the location of the rudder axis oA (which inflow is to be

determined on a purely geometrical basis) amounts to

tanV.== taneL + - Li lC [CM8

However, in order to determina the circulation-dependent rudder

lift--characterized by the index I"w according to Equation [5J--the hydro-
dynamically effective angle of inflow at the rudder axis cAW must be re-
duced by approximating the size of the drift angle at the center of lateral

resistance 6L.

Thus, we obtain the unfortunate theoretical result, which indeed is

supported experimentally, that the circulation-dependmat so-called linear

or "waterline" components of the rudder forces are functions of the inflow

angle of the rudder

13



6a + erta [ - X&A LLIRL] [9)

whereas the so-called nonlinear",or "frame" components of the rudder forces

remain Lunctions of the purely geometrical inflov angle of the rudder.

fl -d + a tail I a . + [10 L,1

The unavoidable consequence in that the relationship between oblique

inflow toward the rudder and rudder force components (polar curve of the
rudder) varies somewhat with the rotation of the ship. It is necessary,

therefore, that rudder measurements also be carried out behind the turning

shAp or ship model or that the rudder measurements for the ship moving

straight ahead must be converted in a certain way to the turning circle

measurement. To do so, we can fall back on the method for computing non-

linear rudder forces which is touched upon and indicated in more detail in

Reference 5. With sufficient accuracy, we can neglect the effect on the

c1 required in Equations [5' "nd [6]. In a simplified representation, CY

is computed as:

Thereby, we obtain approximately

an 6 + T •• z--i, z[12]

and finally as a correction formula

cy -C r (b ei 9 = SAO + ciN S8 , LL + 81) [13 3

ex= ex (bW a = ee

In this case, the coefficiant cs, as a gradient of the nonlinear

component mist also be determined from the measurements for straight-ahead

notion. In order to convert the measurements for the ship in straight- !
ahead motion to turning circle measurements we must, of course, also know

the drift angle and the corresponding rudder deflection. An absolute

normalization is, of course, impossible in this case. However, for the

144
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comparisons undertaken i lection Fs we have drawn tpon data by Shib1

wtchs, comlparatively spealding represent fairly good man values for
rnicaý abn heeop.w have used the resultsinteresting y anof wmrthint suhin . Therefore_; we hasuedteLS]

represented in Figure 4, namely, rudder angles with drift angles as a
function of the ship rotation as well an the rudder sise and the fullness

of the displace mant.

TESTS B SM SHEA:

-*-TEST POINTS

CHMOEN FOR THE PROFILE COMRISON'OIl ll • ,.,, 48 40

Figure 4 - Relatioship between Rudder Angles 6R,

Drift Angles at the Center of Lateral Resistance
Drift Angles on the Rudder Axis cA' and Ship Rotation LLA

Thus, the results of rudder tests are then to be examined with a
viev to the criteria for hydrodynamic quality. A great control force and

a small drag power requirment are the first prerequisites for ships
moving straight ahead or going into a turn. it is true that in actual

practice a high naxim transverse force is utilized during ship rotation
only if rudder angles exceeding 35 deg are used. However, when checking

the yawj, this characteristic has effect for almost every ship. Finally,
we are to develop the astern characteristics of the rudder to as high a

degree as possible, both for small rudder angles and for the maximum

, 215



I
tranaverse force. Of course, the best astern characteristics of a rudder

are of no avail If this rudder is located so cloaely behind the deadwood I
that in asten motion,, the transverse flow toward the rudder produaes a

coumterforce of practically equal ragnitude on the deadwood thus almost

comletely cancelling the rudder affect. However, the modern trend toward

larger propeller apertures provides an opportunity to attain a certain

control efficiency in astern motion with rudders which have good astern

characteristics.

D. AMLTrIC AND G•PIHC RMWMTATIX OF PROF=hK FYOM

From the foregoing considerationa, the importance of streamlinjg
the rudder has developed into a masure for obtainin favorable rudder

characteristics which may indeed be chosen rather freely. The structural

limitations in this case are not ao incisive as In the choice of the

aspect ratio, for instance. Surprising as it may be, however, the material

on ship rudder profiles- scattered throughout the literature does not offer

a very systematic pictue. Form systematization is an effective maes of

utilising practical experience quickly and effectively and with statistical

accuracy; this is the more important, the fewer the quantitative hydro-

dynamic investigations that are available.

In view of this situation, it appears wise to use the rudder pro-

file systematisation1 9 ' 2 0 developed at the Hamburg Model Basin and the

Shipbuilding Institute1 8 and subsequently developed even further as a basis

for this investigation. In Figure 5. we proceed to show this systematized

notation for the dimensional ratios-the "outer" proportions of the pro- 4
file, as it were-and the form parameters of the individual curved

sections which comprise the total profile. Correspondingly, the form

parameters might be desinated as the "inner" proportions of the profile.

Figure 6 shown the notation used for the computation of the profile

contours, all of which consist of polynomials and are split up into so-
called influene functions, one such function being used for each form

parameter. Thereby, it is possible to represent every conceivable-

reasonable and umreasonable--profle form of a rudder. An an inevitable

consequence, we also obtain the poesi 4  analyzing clearly unusual

.- J



profile fore which are graphically represented and of expressing them by

corresponding equations. This method (which has been described in more

daii in Reference 210) also permits the analysis of the inch arwe difficult
ship lines19 and may therefore be regarded am sufficiently accurate for

rudders. The guide head rudder shown as the third form in Figure 7 may

serve to prove that the method of clearly analySing arbitrary rudder

profiles on the basis of polynomials is easily reproducible. It is taken

from Reference 3 where the offsets are also indicated. These offsets are

computed on the basis of an analysis of a small workshop drawing and they
thus enable us to draw the profile with great, hydrodynamically effective

accuracy.

LL=i

"FAAR U
Nor

WEED]

Figure 5 ,- Dimensional Ratioa• and Profile
Parmter of RMdder Profiles

It should be noted, moreover, that the profiles are generally

correlated with so-called profile families. In that case, the profiles of

one family essentially differ only in the maximum relative thickness whic•h,

17
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Figure 6 - Contour Xiquation and Contour Parameter for the
Representation of Rudder Profiles

in most case#• lies betwee 35 and 20 percent of the total length from the

front. The relative aximm thicimesses B/A mddch are to be considered

are obtained both from amailable syste-tic test data wdich begin mostly

at BA- 0.12 (see Reference 26) and from m structural desies which
lead to BA- -0.25. Most profile families consist of simple profiles

w hose entire related varitations difer onl in the thickness ratio BAL.

Such families are for Instance the familiar NACA 00 .. -profiles and the

more recent family JfS 58 YR .. Nonrelated families are the familiar

Joukovaski profiles am well as the famuily JfS 52 TR .. and US 62 TR ...

from the Shipbuildins Institute. A glmae at Tables I mid 2 shows the

characteristic features of theme profile famlies.

For years profile developmt at the Shipbuilding Institute has

alvey proceeded in such mnner that tho particular data of available pro-

file frm are carefully exznined with regard to their relation with the

form parainters mnd that all further steps are derived from this by param-

eter modifications which promise to yield results.

18



iu w nly. Nowswer there Is alreeiy a deed to aztemd the swerimnts

!'rlnaiojpa Fors Parsionters of Fantiiar Blanmced Radder Profiles

IWL L

MAN MGM Isunt 0 .18 *A5 OaS I.I 0.31w so5
*6. *AS5 0.18 iig X0 -. .35 01.

AMO5 0.1 %a2 eon" 1.1 0.0725 1.17
AWA a so1 0on GAINS 1.1 SAiM 1.17
/*ACGM0"8 0.A #Am36 1.1 GAn 1.17

MACA uID 0.3 OA3 0.41 * .17
b MACA OM .3 0.3 OWN17 1.1 0.*5 1.17

(16401 01 x 02 060" -1.0 -t.0.33 "1,0
0.w0 0.25 -0.7 1.0 we 06194 -..d.

*110,66 1 0. O-.63 .1.5 010 0.7
060 0.1111 -.0.25 '-0.30 -.3.33 0a
G11= mI 410.2Sm01 - 5A -.'..27 *

osuui '06315 -.0.3 zAS13 ý U41
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I

to guide head rudder forms as wmll. In my event, a our' ey of rudder pro-

file form cannot disregard the profiles of the -uide hed ruadders. in

Figure 7, therefore, we hve simmarised the guide head profiles accordinI

to References 3, 22, and 27 which are probably the most familiar ones of

all. Prom the stanpoinp.t of -. presrpnt time, a continued development

vould probably be wrrtwhile especially Lor Seebeck-Oertz rudders and for

the HSVA guide head rudder, particularly if hollow profile flanks are

used.

TABLE 2

Form Parameters of the JdF Profiles

an itisASETisAtTi I 421T26 8M38 6Thu2 961a1t s 1 T I

_ __ITf -- I - -.

B/L ....................... 0.12 0i, 0.25 0.18 0.16 0.28 0.2t

O.L. ........................ .I : o !L O oAN 0106

11 ....................... U o.£ eko
kL, .... ................ 26 0.24 2 G.4S O A.24 2 0.7 0.7
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(dy/dr). .- z • O! ) . .....~I i-0. -0.52 _-0,855 -- OA• - 5 .5 -0,555

4d#0v.@ 1*" 0.06 108B0 0.1066 0 0 0 0

-- L0(. ; xiN•., . . . 0.111 •2 0.l 0 0 0 0

(L 00WdT)*r6. x ... 0.."a 0.1"8 0,1340 0,119 0.225 0.1775 0.286

S 0 ('0 L). L"(L. "ydz/)ý = r- elfiIL) .'IOAl O J 0. OA ."l• OAS '183 iii

(= - O)' -• z ORIN) -- 0. -37' C, 5 O, • 0.(7 %0,05375 0,0473 0,0473

IL-d ,t) ', , - 0 .. L 0 0.213 M.42, 0 0 0 0

L . - 0; r LICR'L1 0 1,42 VW
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-JA.... ................ .
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'.'able 2 continued
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Balanced mrdor profiles are xeimrised am profile sketches in

Figure@ 8 to 11. Table 3 oamtains the profile offsets of all of the IfS

rudder profiles with the emxcptim of the offsets of the Irs 52 TX...

family already published in Reference 3. The form paramieters ae sum-

-~ ~ PL1 1 t... |..4vn - -i

Figure 7 - aqples zf Conuunly Used
Profiles of Guide-Head Rudders

foreign profiles are indicated in Table 1. Figure 12 @home the profiles

of bow rudders and Figure 13 the Profile sections of the plate rudders 4
investigated or taken into cmsideration. In order to demonstrate more

clearly and graphically the developumt into profiles with a relatively

thick mnose" and a relatively flat "tail" (which proved successful

according to the experimmets reported here), Figure 14 showe a greatly

enlarged reproseentation of the nose contours and Figure 15 shown the tail

contours of the old and new baanceL rudders of particular interest to us.

The rudder profiles 22 2 7 shon in Figure 9 are very uneffective

on the basis of all practical em.erience and theoretical analysis. In

spite of their "aesthetic" contourr, tie two profiles de not exi.b-t any

22
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Figure 8 - Con Prfiles Of ____0___
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Relative Thickness

- cu~~o -Figure 9 -Examples of Common
M&Mn"I HIGHTBalanced Rudder Profiles of

Greater Relative Thickmes
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Figure 10 - Syimetrical nlow Pro-
files froat Fiamiliar Figre11- Te ewIfSBatned

Investigati-o Fiue 1 Te onSBlacd
Rudder Profiles
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TABLE 3

Profile offsets of the Rudder Profiles of the Present JfS Investigatiai

t Ii
0 0 0 0 0 0CO IIV .W-

%a1 0,1"06 0,06114 0.085 0.00"6 0.08 0.06314
0,060 0,1 0,0531D 0.0838 0,14 0,0a80 0.10 0.016711
0.0901 ' ," ,07 11 .i .r ,6

000 0,4 000,01 .0 0 ~00 0017
0,110 0,6 0.18.1980.0 OOW4O 0101341
010 09 004 0,1214 .0 0,036 0.50 0.04406
0j"0 1.0 0,35,15 .5 .750O 0,06879

0.40 0,006781
0.48 0,0736

0,360 0 0,0750 0,1sw0
0,375 I 0,1 0,0717 0,12115

O.W Oj 0,08M 0,10617
0460 0,A 0,0M7 0,0748
0,575 0.5 01038202 0.06406
0,680 0,6 0,02M8 0.086
0,725 0,7 0,02m, 0,02180
0,360 018 0,01031 0,01231
0.575 0,9 0.00701 0100M1
0,36 1,0 0,00700 0,00750
1,000 0,60780 0,00780

US8BO DRI 111IN57 DR 18

+~ Li1_
0 0 0 0 f 0,00750

0,08096 0,06 0,009a ,0 0.00M8
0,0034 0,08 0,04505 0,10 0.01452
0,01146 0,10 0,02101 0,15r 0,02158
0100M6 0,30 010"89 0.20 0,03126
0101446 0,90 0,0""4 0,25 0,04125
80,0862 0,4" 0,037 (1.80 0.05124
0,02M6 oleo 0,04419 0.36 0.06M4
0.0.4v85 0.00 0,0474 0,40 0,067M6
0.0433 1,00 0,0482 0.45 0.07311

0.50 0,07500

0,0432 0 E 0,0"811
0.0637 0,'1 0,0463I
OX1,051 0.2 0,06211
6,1M678 0,8 0,0S281
0,41767 Ole 0,0326
0,16781 O's 0,0S800 j

0,19791 0 0,02M0
0,380M 0.2 0,0m61
0,3166 0,4 0,0W86
0,8712 0.6 0,0i87
01481M60 0,06066
G,4617 6,9 0.07230

0.86601,0 0,07W0
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Table 3 Continued

JfS 58 TR 15 25 JfS 61 TR 15 25

L• IT "-:!- LT L -L-

0 0 0 0 0 0 0 0
0,0050 0,02 0,02025 0,03374 0,004 0,02 0,02025 0,03374
0,1025 0,05 0,03062 0,05104 0,010 0,05 0,03062 0,05104
0,0250 0,1 0,04089 0,06811 0,020 0,1 0,04089 0,06814
0,0500 0,2 0,05301 0,08835 0,040 0,2 0,05301 0,08835
0,0750 0,3 ,06045 0,10075 0,060 0.3 0,060• 0,100750,1000 0,4 0,06M0 0,10916 0,080 0,4 - 0,06549 0,10916
S0,1500 0,0 0,07149 0111915 0,120 0,6 0,07149 0,119m5
0,2000 0,8 0,07425 0,12374 0,160 0,8 0,07424 0,12274
0,2500 1,0 0,07500 0,12500 0,200 1,0 0,07500 0,12500

0,50 , 0014 ,195 ,20 06 0,07149 0,11950
a a

020 0 0,07500 0,12500 0,200 0 0,07500 0,12500
0,3150 0,1 0,07366 0,12277 0,270 0,1 0,07300 0,12166
0,3800 0,2 0,06922 0,11536 0,340 0,2 0,06734 0,11224
0,4450 0,3 0,06174 0,10290 0,410 0,3 0,05891 0,09819
0,5100 0,4 0,05206 0,08677 0,480 0,4 0,04890 0,08149
0,5750 0,5 0,04148 0,06913 0,550 0,5 0,03862 0,06437
0,6400 0,6 0,03145 0,05242 0,620 0,6 0,02934 0.04990
0,7050 0,7 0,02330 0,03882 0,690 0,7 0,02209 0,03681
0,7700 0,8 0,(".790 0,02983 0,760 0,8 0,01743 0,02905
0,8350 0,9 0,01542 0,02570 0,830 0,9 0,01535 0,02IM8
0,9000 1,0 0,01500 0,02500 0,900 1,0 0,01500 0,02500
1,0000 0,01500 0,02500 1,000 0,01500 0,02500

I
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great performances in the experiments carried out in the place cited.

Conversely, profile IM 075 075 15 which is a fairly primitive design (con-
sinting only of a leading-edge circle and lwo tangent straight profile

flanks) shows tairly good raults if the Reynolds numbers are sufficiently

large.25 The good characteristics with respect to astern motion proved

their worth even at the smaller Reynolds numbers of the JfHS investigation.

Therefore, the TMB profile is included in Figure 8 as well as in Figures

14 and 15.

F. SUPPLEMNTARY WIND-UNN TESTS

Our published literature does not contain an excessively large

number of special and systematic tests with free-running ship rudders.

Not very much new material has been published since a summary of such test

results was made in 1955.26 Now that it has become pretty clear what the

fundamental influence of the aspect ratio and Reynolds number amounts to

(see Figures 44 and 45 in this connection), the need has arisen for carry-

ing out comparative profile investigations. The fact that the pr' files of

the NAGA 00.. series which, after all, had originally been intended for

other purposes in the field of aeronautics, suggested the question whether

it might not be possible to produce even more suitable profiles for use as

ship idders. Thus, new profile forms were produced at the Shipbuilding

Institute which, nowever, were not yet sufficiently verified experimentally

although, on occasion, they had already been used for comparative

tests1 ' 2 2 ' 3 0 and have found practical application as well.

Figure 16 - Rudder Models Tested in the
Wind Tunnel, Aspect Ratio A R 1
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Figure 17 - Test Setup in the Former JfS
Wind Tunnel at the Hamburg Engineering Institute

For the supplementary tests which appeared to be necessary in view

of the influence of profile forms, the following JfS profiles newly

developed in recent years were used:

Balanced-rudder profiles JfS 58 TR 15
25

JfS 61 TR 25
JfS 62 TR 25

Bow-rudder profiles JfS 54 BR 15
JfS 29 BR 15
UfS 57 BR 15

For purposes of comparison, the following profiles were investi-

gated:

Balanced-rudder profiles TMB 075 075 15

NAA 00 15

25

Bow-rudder profile JfS 55 BR 15 (ellipse)

Plate rudder BA = 0.015
0.03
0.05
0.07

The large number of tests were carried out in the wind tunnel of

the Hamburg Engineering Institute (formerly MfS Wind Tunnel). Figures 16

and 17 indicate the models and test setup used. All of the models had a

square planform of 0.4 X 0.4 m. The slipstream cross section had a diametet
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of 1 m so that a tank blockage of A/A - 0.204 was obtained. As a scale

for these measurements we used a flexible-joint sprinx balance with

p electrical metering elements, which is also suitable far tank experiments. I
The testing path is practically zero so that it in not necessary to make

any geometrical correction for rhe rudder argle. The cacity of the

tunnel permitted a Reynolds number of approximately 0.8 x 10 . Several

characteristic values for the profiles were investigated to obtain a clue

to they dependence on the characteristic in question. By way of

supplanting these tests, we also carried out experiments in a slipstream

dim of 0.5 m with the profiles NMA 0015 and JfS 58 TR 15 with models

of 0.1 X 0.1 m. Thereby, for a tunnel blockage of AR/AS - 0.0501, a

Reynolds number of approximately 0.13 x 106 was included as the minimum.

The rudder measuring device for small ship models as used for the small

rudders of the investigation served as a wind-tunnel scale.

All of the data obtained are included in Tables 4-18 in the form of

the familiar coefficients cc for the transverse force, CD for the

resistance, cy for the lateral force, cX for he longitudinal force, and

'M,25 for the moment about an imaginary turning axis referred to the L/4

point of the rudder length. As examples for the graphical representation,

Figures 18 to 39 showthese coefficients as a function of the angle of

attack e. In doing so, we have generally represented the largest of the

Reynolds numbers investigated. In the case of the profiles designated as

bow rudders, we have measured and plotted the moment coefficient cM which

represents in nondimensional form the moment referred to the center of the

rudder length rather than plotting the coefficient CM* 2 5 . These bow

rudders avid the plate with B/L -- 0.05 were provided with a shaft at LR/2

for mounting support on the scale (all the other rudders had the shaft at

LR/4 from the front). A rod correcti3n for this rudder shaft was deducted

from the measured resistance. No further corrections were made since at

the time the measurements were undertaken no sufficiently reliable pro-

cedures had yet been worked out for correcting the wind tunnel measurements

of rudder surfaces with small aspect ratios. Since it is a fact, on the

other hand (see Reference 26) that the use of the wind tunnel corrections

for measurements on airfoils (hydrofoils) with larger aspect ratios would

U-1i to an undercorrection for the transverse force maximim in the case of
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rudders with an aspect ratio of 1 and to an overcorrection v•thin the
remainin• range, the methrd usad here pro.ab-hly represents the I---r of

two evils. In any event, the omission of the correction is of minor im-

portance for comparing the profile form investigated here.

However, if we cooare the data with foreign measurements, as in

Figures 44 and 45, for instance, this factor should be borne in mind. The

foreign measurements used in these figures are all corrected in the usual

manner; that is to say that the transverse forces are somewhat too low

in the case of the maximum transverse force and otherwise somewhat too

high. However, since the tunnel blockages are lower there for the most

part, than in the case of the JfS measurements with the 0.4 m rudders, the

correctionp are not so great either and therefore they cannot be decisive

for the quality of the comparison with the new measurements.

As for the rest, the results of the measurements have been repre-

sented exactly as they have been measured geometrically. In doing so, we

have used the definitions which have been recommended by the International

Towing Tank Conference (ITTC). Thus, in each case a clockwise moment-

clockwise as seen from above-is figured positive. The resistance is

always calculated positive in the direction of the relative flow. The

longitudinal force is figured positive in the direction from the profile

center toward the nose of the profile. The lateral force, accordingly, is

figured positive at a right angle toward the right starting from the

positive x-direction. It should be borne in mind especially that the

transverse force is figured positive to the right-always seen contrary

to the relative flow-and that a positive angle of flow always results

from a rotation which is positive in the direction of the moment. Thus,

for instance, all of the measurements for astern motion indicated here

have been measured and represented with flow angles between 180 and 90 deg.

We decided not to undertake here a comparative tabulation of pre-

cise force coefficients of the individual profiles. In most cases, the

performance differences of the various profiles are obvious enough in the

figures. Thus, the greatest transverse force coefficient muasured was

1.478 for the JfS 62 TR 25 profile and the lowest transverse force maximum

of the balanced-rudder profiles was 0.88 for the ThB 075 075 15 profile if

the Reynolds number was equally high. In astern motion, however, the TMB
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075 075 15 profile with coHax - 1.115 in the best of these profiles

whereas the NACA profile 0025 yields the poorest value, that is, 0.908.

Among the bow rudders, JfS 57 HR 15 is best (maximum transverse force of

1.03) and the elliptical profile JfS 55 BR 15 is the worst (maximum

transverse force of 0.743). For the purpose of carrying out a curve com-

parison, exact profiles have been selected. As for the effectiveness at

smaller rudder angles, Figure 40 shows that the JfS 62 TR 15 profile is

particularly good and the figure also shows the relatively good position

of the two JfS 58 TR profiles. Figure 41 indicates the balancing

possibility for the new JHS profiles, clearly an improvement over the NACA

profiles; the turning a-is may lie farther back without risking any danger

of overbalance. The form of the familiar polar curves (Figure 42)

indicates the effectiveness and the drag power requirement, especially at

larger angles.

Profile JfS S8 TR 25 whose practical application is sturdy in form and

performs very well; Figure 43 compares the polar curves in straigh--ahead
motion and motion along the turning circle with L - 0.5. In doing so,

we have made the conversions starting out from the straight-ahead motion

and using Equations [55 to [131. In this case, we have introduced a drift

angle on the ship cL = U deg (see Figure 4) as well as a standard value

XLA/LL - - 1/2 and a (value) C., = 1.0 as it may be derived from Figure

40 with the aid of the method of Reference 26. This cautious method of

estimating the rudder effect when turning and when checking the yaw in the

turning circle already confirms the empirical fact that the drag power

requirement is greater wien checking the yaw than when turning. By way of

supplementing the above dnta, Table 19 li-sts several copar-ati;'e values

for the control force and the drag power requirement for various profiles

at a 35 deg rudder angle, both in straight-ahead motion and in motion along

the turning circle. The method of calculation is the same as for Figure

43. Note that the superiority of the more recent profiles over the NACA

profiles is also retained in the turning circle.

Figures 44 and 45 serve to compare foreign measurements and to

illustrate the influence of the aspect ratio and Reynolds numbc r. The

results are in line with the general trend; thus there is every indication

that the comparable results obtained here will remain valid even if the

Reynolds numbers are extended further and if other aspects ratios are used.
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TABLE 4

Teat Results for TIM 075 075 15

Be -0o3.10' Re 0 , .10'
! " -• -,I-"-. -.- " - ° - , °-,

ec ~ ~ ~ ~ ~ 0 CC jy Icc I- r r e.
2 -0-04 0.0 -01o 1-0,030 0.0 - 0,052 0,038 -0.,03 -0,036 -0.002

0 0 o0.0000 -o.0 0 0 o.01 -0,031 -0,001
2 0.00 0.o 0 7 0,051-0.038 0.0 2 0.0 0,033 0.0 -0,31 0
07136 0,065 0,013 -0.059 -0,o0 0o.17 0,07. 09.130 -0,023 -o.O,

13 0,o71 0,602 1,2 -0,0061 -0.076 0.897 06111 1,04 -0.0o6 --0,73
40 0.•36 0,182 0,483 -0,00 -0,071 40 0,461 0,175 ,105 -0,058 -0.1Om
4 0.0 06 O7 0,617 -04051 -0.105 23 0,567 0,67= 0062 -0,052 -0,013
2 0,762 0,638 0,713 -0,001 -0,1829 2 0.767 0.667 0,76 -0.042 -0,131
3 0.776 0,462 0.913 -0.020 -0,174 34 0,776 0.475 0,910 -0,023 -0.150
31 0.642 0.26 1.062 -0,006 -0.178 35 0,847 0,70 1,060 -0,008 -0.173
40• 0.8m 0",60~ 1,093 0,028 -- 0,l83 40 0,961 0,700 1.I10 0.018 -- 0.189

41 0. 0,672 11090 0,021 -0.181 45 0,743 0,678 1.006 0,011 -0.175
42 0,7W6 0,682 1.019 -- 0.001 -- 0.181 44 0,719 0.667 0.08l 0.019 -- 0.100

60 0.502 0,176 0,957 -0,042 -0,174 40 0,710 0.672 0,981 0,031 -0,164
50 0,6U2 0,72 0,900 0,073 -0.176 5 0 0,6U 0,719 0.897 0,034 -0,172
55q 0,577 0.756 0,950 0.040 -- 0,176 55 0,582 0,755 0.9U 0.044 -- 0,175

O 0,502 0.796 01931 0.042 -- 01178 60 0,802 0,766 0,914 0.032 -- 0,173

0,348 0.806 0,876 0,051 -0,181 70 0,350 0,702 0,86W 0,058 -0,176S01m• 01881 0.908 0,073 -- 0.215 80 0=25 0,873 [0.8W9 0.071 -- 0.212

0,000 0,960 0,910 0,090 -0,261 90 0,097 0,972 0,972 0,097 -0,21M

Re = 0,"9 10' ASTERN MOTION Re = 0,56- 10'

so -c 101 -) Ie

2 -0,058 0,033 -0,059 -0,030 -0,002 -0,010 0,057 0,010 0,057 -0,0•0
o 0,100 0 -000 0 5-0,182 0,073 ,188 0209 7 -0,073

S0o4 o 0 , 0.07 -0,01 0,108 15 -0",5 0.,9210 ,054 0,061 -0,313a o,•13 0,08 0,141 -0.06 -0,001 15 -0,53 1,213 0,6% 0,06 -o,2ft
103 0.294i 0,108 0,0M -- 0,05 -- 0"030 20 -- 0.705 0,319 0.772 0,05 -- 0,3171 01"1 o,19 o,,473-0,062-0,00 25-0.810 0,46 o,99 0,0o2 -0,387

2• 0,575 I 0.629 -0,047 -0.10:3 0 -1,023. 0., 1.2n 0,03 -0,429
70 0,670 0.78 0,780 -0,o0 -0,1 35 -1,104 0,811 1,370 0,031 -0,47
S0,780 0,42 1 0,190 -o503 -0,213 40 -toW o.7 1,#f. %oil _n A04
35 (O IUM17 1,055J -- 0,014 -- 0,078 45• -- 1,022 1,081 1,487 0,041 -- 0,473
40] 0,962 0,715 1,110 0,007 -- 0,194 60] -- 0,624 0,861 1,062 0,076 -- 0.341

!41 0,824] 0,694 1,017 0,016 -- 0,184 55 -- O1m• 0,910 1,054 0"090 -- 0,335
42 0,772 0,680 1,6•29 0,012 - -0,178 0 -- 0,447 0,k2 1,040) 0.064 -- 0,324

S4• 0,717 [ 0686 OM• 0.022 -- 0,17t 701 -- 0,272 0,9N3 1,029 0,065 -- 0,307
i 0 0,66 0,717 0,976 0,068 -0,170 0,Mo. 1,017 1,016 0.091 -0,28

55 O,•W5 0,7415 4.901 0,052 -0,171 g•-0.092 0,982 0,99 0,092 -- 0,2590,5 o15 0,772 0,92 0,00 -0,174
710 0,64I 0,788 0,864 0,073 -- 0,177
go 0.226 J0,879 0,905 0,070 -- 0,213
9 0.096 0,963 0,963 O,096 -0,250
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TABLE 5

Test Results for NACA 0015
He - lot Re a." Js

-0.0/, 0.00 -0.7 i-0,0o I-0,017 -' -0.0.7 0.021 -0.068 -0,02 0,00
- 0.01 0.00 -0.4 -0,1 5 -0,0 -0.00 1 0, 0,013 0 -0O.9 0,004fi l 9,0 OS 0.M 00W.05. -0A.O4-"s ,W

0,343 0.074 0.14d -0.641 -0.004 0,140 0.04K 0.143 -o0i0s0 0,01
0.4 0.123 0,3S1 -0.001 -- 0.00 1 0"79 0.047 0.2" 0,00 0,001
0,44w 0,20 0,5O6 -0.077 -0.0t5 1 0."2 o 0.083 0,44 0,034 0.021
05.&4 0316 0,6*6 -0.106 -0.,10 0,112 0.147 0.684 0.075 0,0040, 2~ 0.426 0.711 -0.106 -0.132 • 0.7o2 U.11 [ 0.781 0.127/ -0.002
071. 0.M~a OAS -O 7 -0.1a 0n.t0,7 0,177 0,15 -0.149 -0.013

0.79 COW 0.941 -0.054 -0,171 0,667 0,417 0,785 -0.041 --0.08S0.70 0.67. 0.9o. -0",05-0,176 0.67 o62 0.716-0,033-0.000

0,169 0.115 1,010 -0.047 -0,022 40,65 0.612 0.917 -0.043 -- 0,137
0.AOS 0,190 1,076 -0,014 -0.224 4 0.20 0.167 0,903 -0,037 -0,140
0 .543 0.924 1.072 O.O05 -0.55 0 0555 0o.719 0.10 -0,035 -0,149
0 I,(3)1 3,0119 0 -0.350 0,5.2 0.738 0.3 -0.011 -0.1830.440 0.76N 0.53 -0.00= -0.157

0..37 o.79 o.55 0.015 --0.170
Sv 0.1A 0oM o.MS6 0.032 -0.1331I F~T 0,0050 w0.990* 01062 -0,18

A 0. 7 0 100 Re0. 0.059 -0.o23 0,005e| cr C• I'mn Car -0. .

S-0,052 0,025 -0.063 -0.023 -0.001 - 0055 0-021 -0,0o5 -- 0.019 -0.001
0 0 0.022 0 -0.022 0,003 0 0,020 0 -0.090 0,003
2i con 0.024 0,003 -0,021 0,007 2 0.056 0.023 0.0561 -0.0d1 0#114

% 0.144 0.017 0,145 -0,014 0,014 0.141 0,0*3 0.143 -0,014 0,014
6 O.254 0,039 0,,87 0.031 0.018 1 O,19, 0,0942. 0,191 0,009 0,021

I.r 04.53 0,074 0,4.m6 0,046 0.018 1 0,441 0.069 0.444 0,048 0,019
04632 0,1333 0.041 0,087 0,001 1 0.622 0.135 0.130 0,6386 0'00M

S4k7o1 0210 0.7M4 0.132 -0.(%M 2 0,775 0.117 0.795 0.130 -0.004
0.-927 0.325 O.1165 0,183 -0.-O(g 3 0.926 0.320 0,962 0.186 -0.0"2
.0.92 0,387 1.0.8 0,392 -0.063 3.025 0,405 3,053 0,218 -0,0(m

3. (0,192 0.491 0.848 -0,034 -0,1322 34 1.052 0.505 1.153 0,111 -0.121
3. 0.719 0,53M 0.197 -0,.02 -0,12 3 0,713 0,52H 0,"337 -0,023 --0.126

0,659 0,610 0.90 -0,025 -0.139 4 0,6 5 0.05 0,914 -0,023 -0.137
4 0 .631 0,415 0.911 -0,019 -- 0,141 43 0.631 0•6"5 0,2• -0,010 -(0.141
N5 0,574 0.708 0,910 -0.014 -0.149 .5O3 0.700 0,291 -0,004 -0.352
5. 0,12 0,741 0.901 -0-06 -0,153 6. 0.58 0,731 (0,902 0.013 -0.335
ei 0,443 0,7(8 O0,314 -0,0W2 -- 0,.13a 0,440 0.761 0,883 0,07 -0.,61
7 0,314 0.800 0.1467 0,019 -- 0.175 07322 0,7191 0.853 0,031 -0,17.-
w 0,33OI 0.594 0,912 0.028 -0.214 01.M 0,.N75 0,.498 0.04A -0,211

0o.4ki (1.991 0,991 0.'16 -- ,263 0.065 0,9 0,9619 0,065 -0,255

ASTE•• MOTM. 1 ;v 0,56 .

0 -0 0,050 0 0,050 0,001
5 -0.241 OtM9 0.244 0,047 -0.077

S-0.335 0.1029 0,246 0,033 -0,157
1--03,412 0.173 0.561 0.0:3( -- 0.222
S-0,643 0. 21,4 0.•40 0,022 -.-0.27
25, -0.771 0,376 0.31M457 0.0145 -.- ,7
30. -0,913 3 0..030 I.935l 0"(0 -41.41N
M1 -- IM3 0.719 1.249 0,00'3 (1,41.-A
44) -- JAW0 w)• Ot l' 1.3N -- 0,00L - 0.4 Wl

45- 1.010q 1.041 1,4.50 0,.1221 -. 0,492

rA) -0,572 0(.41 3 0.,43 0.09 -0.347
.15 -0,311 001I 0.04 0,0741 -0.341
' N O - -41,.43 1 0 .9 1 1 I ,OM I, O .' tt3 % .x v i
70 -- 0,277 (1,081 1.017; 0.05 4,3 I .15.
1*1 -41 l I 1,41214 1,M0 m 0).4 M; is .11,27
Im - 0A rill (0.9"'4 %OHIO9'.I 41,41:1101 l,:.i
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TA SLE 6

Test Results for NACA 0025

- e - oT - -IV Rom - 0. 10 -

CC. I Ca I erC. Z I-- l o r , CC Cj C ex em..
-002 0,096 -A -0,06 -0,6 004 -2-,0 .3 001 -004 -.
0 0 .8%3 0 0,03 -0.0043 0 %0,04 0 -0.0"4 -0,001

0,220 km0 0,114 -0,096 0,008 5s 0,129 0,040 %,132 -0.003 0,090
I O02 0,0 0,78 -0,013 0,014 1 01 72 0,0 ox7 -0.006 0,015

0,030 0,43 0,042 0,014 15 0,423 0,00 01 0,1 0,013
0,1" 0w 0,080 0.000 2 O 0,A7 0,138 0,8 0,06 0.005

r 0.728 0,M 0.754 0,107 -0,006 25 0,72 0.221 0,787 0.100 -0,007
0_832 0,217 0,922 0,167 -0,025 30 0,805 0,317 0,9a 0.174 -0,038

S1,057 0,440 1.117 0," -0,100 1,03 0.447 1,107 0.2 -0,062
1,175 0,9D3 13 0,300 -0,102 0•I1,m 0,00 Lm9 0,30 --0,104

45 1,318 0,800 1,497 0W -0.162 48 1.315 0,778 1,1 0,33 -0,150
47 I,13 0,847 1,315 0,3 -0,173 4 1,30 0.874 1,3 0M -0,177

1,206M 0,810 1,520 0.33 -0,136 49 .313 0,910 1,4 0.304 -0,1g5
49 0,534 0.664 0,851 -0.802 -0,120 so 1.205 0,93W 1,55 0,39 -0.290

032 06 0 ^057 -0,801 -0,132 51 0,527 0,679 0,880 -0,017 -0,123
OZ48 0,72*4 0,871 -0.015 -0,247 55 0,485 0.719 0,967 -0.015 -0,144
0,43a 0,745 0,=5 -0,07 -0,154 00 0,435 0.74G 0,96 0,003 -0.151
0,6 0.788 0,644 00 -0.169 70 0.31t 0,. 700 0,842 0,033 --0,15
0,294 0,961 0,3 0,0",o-0,0 8006lo 0,"1 0,872 0,047 -0,206
0.085 0.9a6 0,106 01085 -0,255 0 0,063 0,326 0.926 0,063 -0,254

Re - 0,76 _JOB ASTERN MOTION Re 0O5o 1 o0n

o.. ., _o,_, -C,,. 1. o . o, ..._..o,._. ,,

C c ., c, eo ex..oCC C, , I _,,

- -0,060 0,0-2 -0,051 -0,00 -0,005 0 0 0,064 0 0,064 -0,004
0 0 0,031 0 -0,801 0,001 5 -0027 0,095 -0,274 0,071 -0,088

2 0,055 0.035 0,066 -0,40 0,003 10 -0.411 0,142 -0,431 0,068 -0,165
5 0.132 0,036 0,134 '-0,43 0,010 15 -0,553 010 JU 565 0,040 -0,235

1o 0,70 0,052 0,275 -0.005 0,015 20-0,672 0,289 -0,730 0,041 -0,300
5 0,419 0,080 0,2 0.0t3 0,015 25 -0o7o8 0,381 -,0&" 0,03 -0,340

0,586 0,14 08 %ON 0,008 30 -0,7t7 0,511 -0,021 0,054 -0,362
0.732 0.217 0,756 M 12 -0,004 35 -0,672 0.8 -0,864 0,064 -0,332
0,20 0.319 0,916 0,166 -0.026 37 -0,906 0,719 -1,157 0,028 -0,436
1,033 0,4W6 1,102 0,22 -0.058 40-0,M9 0,816 -1,210 0,050 -0,447
1 ,192 0,78" 1.204 0ST10 -0.0"T 45 1 0,705 -0,872 2.104 -,I
1 325 0,o08 1,479 0,39 -0,146 -0478 0,773 -0,9 0,131 0 0331
1,326W 0,805 1,507 0,401 -0,153 55 -0,412 0,828 -0,915 0,138 -0,332

4 15, 0,,5 1,521 090 70 -0.,= 0,37 -0.941 0,130 -0.311
1,312 0,896 1,535 0.404 -0.183 -0,055 0,95 -0,952 0.11 -0,24
1,310 0,913 1,55 0.413 -0.187 9 -0,085 0.01 -0.901 0,085 --02.

51 1,102 0,947 1,509 0.400 -0,194
05 ,015 0,685 0,857 -0,016 -0,135

55 0,415 0,710 0,86S -0,001 -0,J39
S0.4U 0,047 0,855 0.002 -0,152

70 ,415 0,771 0,841 0,056 -0,1-6
0 0,216 0,815 0,840 0,071 -0,197

91 0,06 0.924 0.9"4 0,066 -0,247

34



%.at Rovito for Jt. Ta 15
-$A - - ma -4 - -r

.0 1* I. YIf-. .. 1 00 *8 I *x a.

1.3 -4A"6 $AN -0.037 -GANW 4.01, - -0k16 OM -41111111 -0.66 *AN6
0.7 "I'l O.66 07 -0,6W0.6 0GAS6 066 am 36 -*A* 0 MM
8.4 O~W1 GAO6 tors1 -0.3 k .66 ome Oft *an 6 -0.6 am
&, 0.176 "a6 0.175 -0.061 CeAM ON7 ON *AV? -AM6 0.00

WV. 6.= 0.610 OAK6 -0O.416 -0 "W1 OJOS6 801111 GAN6 06
15,7 km 41.81101 .GAN -46.473 -*AM6 0,172 OP67 Met6 -0.0W GAN6
9%7 0.M3 33.8 %v&7 -0.66 -0.117 0.16 kin3 0.86 -0.66 0
211.7 &.717 %.4&6 lim6 -0GAN -0.147 1 0.8W 0,374 4".1 -0.610 -MIS

4K7.- k.36(3 all' I' em -. 1 .0 om 103-1" -.
-1, SA -f77A -.0 -o 0?87 lk IO - kits -el

ski .sun %J0111 -0.03 - 0^1 -0630 -0.7U 0631 -0.061 -%m66 0.00
S,10J' 0.11,11 1.07 8.0611 -0.U71 0A 0.1W a -06M -6

wo 0386 0.41 :,a 031 -40104 0.003l 0.30 0*AM 10.7 --0.06 0I
SOa 031 .6 0Aft3 -0,1012 0.00 GA a 11 030 010 -80a46 -836130

I~~~~~~~ a.34 I.0 0.46 0.032 -0.4111" .6 .6 .86 040-.6

06.8117 0.0431 0.63 001 -041.0611 0.817 0S1111 0.703 -4k$30 kOW

%m0363 41.411h" 0GAN 038 - 0.0610 0811.86 8 0.0% o ~0.402 0,7
1,06146 40.76 1.13 (3.33 - 0.001 e ,0614101 34 3.03 0.316-k 007

10 6.343 3116 1 GA 6 -0.3 6611 -00 13 3 161 0.06 011 0.215 k-k v 0.0347

to1 0,l3* 00,114 1.I1 OA.80 -0.331 6.41111 43,44 03.703 0.30o 0,6
44n 43640.141,1166Of am" 0t,03 -0.(W6GA 0.2"75A 0.168 --31 - 0,014-.76

W 31,034 0.376 1.1003 "-m.3 -0.00 .0" (63" 0.08 t.ole 0.0 ,07.
4. 0.723 W0.7*1-AW -A 301 0411 4.9 0.ft11 Ik.46d 1,371 C111110 -0.087
14A 011433 0,011! 0.WN4 41.13 -0,1363 1.11:64 0l.74 3.1 041.01 - o,0@7

IN 0.4136 08.711 0.low 43,311 -0,3 06* 0,751 0.333 -0.107 063431
4 0Vl.03 ,21 0031 -0~,191 .1 0,91 (k43.3 1.1710 0 0.246,19
JW 0.34W 41.133* 0.1373 43.46 --0.116 0,134 0733111 0,0714 0,33 407 31.1"6

43,136 0,77 4,10 0.011 4 0 -1 0,13" 0,747 0,731 1,333 0,0337 -01967
I .0 ,N 0.1 jo 40 0.23W ILM1 (,LOW1 043.07)4 483

"- l Iks 0.L)' 4.43 3,04341 0,1"40 -0,31 0.477 11 3 40V , 3 ,43.91 0A K
fk 2 (,m om ,W 1 0.321 43.017 0,1178 (3. 41,0101136

1. (,3647 3tO33: 44.41 7 0'(0~1l (1.0044) 1. 3.13 4 h 43,3 3,163 3.6 0 4,4

(1,1 0. 1 41.4.174 0,11114 ,43 -330 WK1. 43.131i.0, 1)l 4P.1146 1 ,41 41.11 (3,142
if k n136 (3711'a 3,334 (3.411 43.133 $13 , 33414' (kt". 0,7072 (1,0417 33,1.3
4I 4)..V4N3I 0.7113 3.406 0.13) 43,14.1 74 44.2* (1,4411 1 .6323 OLIN47 -0,¶33
IN4 44,633 44,al. 43.1363 0,0341 41,36363 31-I * k U ItI 11, I,1! .69 .13113 -0,241A

434 33,4131 43,63 313.144 61 4.41 41,074 4!.1)&* .t .07 4,9

3 4 Ij12 fi~ 4 163 4.24m( 0.432 43,311)t 11i 1411 4,41 0 %
354 (1.4913 4,1373 431314 43.33!)1 X 33.±*6o 1,12 14"q 0,4

46*1.330A 40,191 43,1331 4140.432 33,243

3S



I ?TAKE 8

ITest : esulRts for JfS 58 TR 25

R 0•- ,86. fog Re -0.07. t0S

Sec e C ey II C, J) v*r ex • A,..

- - -0o0 -0,043 -0,00 - -0, o 6 -0,05 -0.0" -0,005

0 6 %08 0 -00,9 -0,006 0 0,044 0 -0,044 -0,00e
2o %On ' i;" -,r. -0.0 0, 0"0o o 0,0o 0,.0 --04 -o0,007

43 0, 16 0,M I0,6 -0,007 -0,o04 43 1,354 0,077 1,57A -0,38 -0,o77
410 0,23 0,07e 01,6 -,022 -0,014 41 0,219 0,075 0,37 0,-0,o9 -0,014

0,661 0,663 0,371 0,006 -0.020 15 0,4314 0,10' 1,547 0,041 -- ,08
0,m 0,192 0,347 0,007 -0,05 20 0,370 0,17 ,057 0,304 -0,1043
0 Gm 77 07 80,6810 0,07 -0,089 45 01,35 0,80 0,890 0,067 -0,070

a 0806 0,18 1,118 0,106 -0,102 30 1,021 0,404 1,067 0,010 -0,196
" I 'm %62 1,.330 0,237 -0,143 , 1.206 0,7m 1,313 0,02 -0,19740] I' 1M ,480 0,277 -- 0,177 40 1,3121 0,719 1.474 0,298 --0,163

41 1,60 0.9 1,4986 0032 -0,1865 41 1,4 0,787 1,489 0,304 -0.120
4 0,70 0,679 1,0,1 0,007 -0,2104 4 1,354 0,778 1,527 0,018 -0,177
4 0,6 0@ O,975 -0,011 -0.9W0 43 1.,6 0,8O5 1,547 0,341 -O0.181

0 0,110.0 ,947 0,027 -- 0," 44 1,370 0,839 1,574 0,354 -- 0,189
6 0vW 0.7 8 0,9 .027 -OX*$ 45 1,39 0,880 1,611 0.367 -- O,1t98
0 0M 07 0,1Kjl5 0,0o88 -- 0,207 46 0,692 0,704 0,997 0,010 -- 0,196
70 W 0,1 0,M1 0,057 -0,=0 80 0,646 0,7218 0.971 0,025 -- 0.197
80 %OOA ,912 0,063 -0,21 55 O,70 0,778 0,964 0,021 -- 0,208
9 00, 09 (68 0.089 -- Ojw • 0,512 %,787 0,937 0,049 -- 0,.2f

0,367 0,810 0,887 0,06• -0.199
0,229 0,W4 0,891 0,076 -0,224
0,078 0,36 00,936 0,098 -0,258

Re 0,78. 10P ASTERN MOTION Re - 0,58. 20o
- - I - Ib - - - i. -

ev I0 Cr C,~ -0 1 Cr-

-2 -0,0o9 0,047 -0,061 -0,05 -0,006 0 -0,014 0,085 0,014 0,085 -0,005
0 0 0,043 0 -0,o03 -0,006 5 -0,151 0,099 0,160 0,0o6 -0,06P

S0,0" 0,044 0.063 -0,043 -0,009 10 -0,293 0,139 0,313 0,087 -0,168
0,114 o 0,080 0,153 -0,037 -0,009 15 -0,428 0,196 0,464 0,079 -0,233

10 0,313 0,076 0,32I -0,030 -0,014 20 -0,674 0,356 0.7,55 0,096 -0,297
is 0.4,4 A0, 1 01,50 0.07, -0.024 25 -0,7&N 0,475 0o,912 0,098 -0,361
S0,.40 0,191 0,685 0,047 -0,042 30 -0,88M 0,589 1,071 0,067 -0,415
25 0.844" 0, 0,887 0,0W -0,067 35 -0.927 0,714 1,169 0,063 -0.437
30 1,022 0,411 1,061 0,150 -0,100 40 -0,975 0%873 1,308 0,041 -0,461
3 1,20 08 1,309 0,233 -0,132 45 -0,610 0.735 0,952 0,088 -0,345
S1,34 0,711 1.472 0,30 -0,60 50-0,558 0,797 0,970 0,085 -0,344
45 1,410 0.877 1,617 0.377 -0,194 55 -0,478 o,863 0,980 0,104 -0,340
S 1,416 %906 1,65 0k389 -0,197 0--0,385 0,892 0o,9 0,113 -- 0,329
47 1,431 0,941 1,694 0,405 -0,206 70 -0.229 0,952 0,972 0,111 -0.311
48 1,448 0,372 1,691 0,425 -0,211 80 -0,069 0.987 0,984 0,104 -0,29U
4 , 0,654 0,756 1,000 -0,003 -0,208 90 +0,104 0,952 0,952 0.104 -0,263

0.443 0,743 0,983 0,015 -0,200
0,890 0,785 %992 0.063 -0,204
O0,50 0,8)3 0,300 0,057 -0,20.5

70 0,377 0,821 0.901 0,073 -0,202
0,.253 0.873 0,903 0,097 -0,227

0,106 O.94 0,9.54 0.01S -0.263
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TABLE 9

Test Resl,,ts for Tf led" TR 25.

S Re 4=%56. 10 0 -Re 0,070 1000

CC CD Cy ex m D cy c,

2 0,052 0,005 - 0,050 00,006
0 G 0,047 0 -0,047 0,004 0 0 0,049 0 -0,049 -0,004
2 C,0,64 0,050 0,068 -0,047 0,004
5 0,1Ot 0,064 0.165 -0,040 0,004 2 0,062 0,050 0,004 -0048 0,004

10 0,317 0,083 0,326 -0,027 -0,002 5 0,161 0,058 0,166 -0,043 0,003
15 0501 0,i33 0,516 0,002 -0,014 10 0,323 0,084 0,333 -0,027 -0,002
20 0,676 0,203 0,704 0,040 -0,033 15 0,509 0,131) 0,526 0,006 -0,015
25 0,866 0,307 0,915 0,088 -0,058 20 0,692 0,204 0,719 0,045 -0,034
30 1,0581 0,442 1,137 0.147 --0,04 25 0,873 0,309 0.921 0.089 -0,059
31 1,083 0,475 1,174 O,lbl -0,102 30 1,047 0,437 1,126 0,145 -0,091
32 1,131 0,506 1,227 0,170 -0,109 35 1,231 0,598 1,352 0,216 -0,132
33 1,166 0,539 1,270 0.183 -0,118 36 1,254 0.638 1,388 0,222 -0,139
34 1,188 0,572 1,305 0,190 -0,127 37 1.29 0,658 1,409 0,238 -0,142
25 0,780 0,63 1,008 -0,074 -0,191 38 1,292 0,691 1,444 0,250 -0,150
40 0,799 0,723 1,077 -0,040 -0,203 39 0,801 0,710 1,069 --0,048 -0,202
45 0,691 0,717 0,996 -0,018 -0,191 40 0,795 0,726 1,075 -0.0,0 -0,206
50 0.633 0,755 0,985 -0,001 -0,196 45 0,707 0,736 1,021 -0,021 -0,201
85 0,579 0,780 0,970 0.027 -0,194 50 0,640 0,76 01,990 0,004 -0,195
60 0,"06 0,808 0.953 0,034 -0,200 55 0,599 0,783 0,984 0,042 -0,197
70 0,355 0,818 0,890 0,053 -0,194 60 0,512 0,806 0,954 0,041 --0200
80 0,229 0,880 0,907 0,072 -0,224 70 0,365 0,807 0,884 0,067 -0,195
90 0,104 0,963 0.963 0,104 -0.263 80 0,226 0,884 0,909 0,069 -0,227

90 0,101 0,953 0,953 0,101 -0,259

Re = 0,79.10' ASTERN MOTION Re = W0.6.106
is C'° C Cp Cy •

CC ClD I ¥ Cy Cx ~ m I -'.. o6 CM.U

-2-0,058 0,047 -0,060-0,5 ),0oo4 .o, 0,086 -0.005 0,08 0,00 0 oom '0 {-0,046 oW3 5 -0,142 0,102 0,150 0 ,089 -0,077
0,030 0,0,70 02004 -0 -0,298 0,149 0,319l 0,095 -0,15

5 0,147 0,051 1,101 -0,138 -0,02 40 -0,949 0,222 0,384 0,029 -0,21910 0,322 0,076 0,XI0 -0,0!9 -0,002 20 -0,362 0,376 0,751 [0,127 -0,k•!
15 0,495 0,126 0,5t 0,007 -0,014 25 -0,771 0,475 0,900 0,105 -0,333

00 0,678 0,192 0,703 0,052 -0,031 39 -0,894 0,693 1,071 0,066 -0,412
28 0.856 0,295 0=W00 0,095 -0,0a7 ,4 -0,955 0,70-0 1,189 0,033 -0,43630 1,037 0,422 1.109 0,154 --0,087 40--0.99 0,870 1,324 0,024 -- 0,466
35 1,213 0,678 1,325 0,223 -0,125 45 -0,638 0,728 0,. 1 0,064 -0,34240 1,327 0,732 1,487 0,292 -0,15 t 5 •-0o,6 o.82 1,011t 0,070 -0,349

•41 1,342 0,731 1,0o3-0,o27 -0,208 55-0,502 0,880 1,009 0,094 -0,34.5
•.45 0,720 0,7281 1,024-0,006 -0,20 0 •-0,413 0,010 0,995 0,093 -0,332

S50 0,646 0,738 0,980 o,022-0,195 70o-0,248 0,967. 0,984 0,098 -0,313
55 0,602 0,795 0,996 0,037 -0,204 go --0,078 0,995 0,994 0,096 -0,294
60 0,530 0,810 0,966 0,054 -0.201 90 -0,104 0,963 0,963 0,104 -0,26.5
70 0,377 0,618 0,898 0,074 -0,198
4O 0.2545 0,868 0,899 0,101 -0,222
90 0,109 0,943 0.109 0.1091 -0,260
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TABLE 10

Teas Reasuts for JfS b2 TR 25

Re - o.i. gtO Re - 0.69 1or

2 -0,052 0.038 -0,053 -0,03. 0,002 - 2 -0,055 0,040 -0,056 -0,038 0.001
0 0 0,36 0 -0,030 0,001 0 0 0,030 0 -0.036 0
2 0,062 0,036 0.063 -0,038 0,001 2 0,065 0,039 0.068 -0,03" 0,001
5 0,161 0,040 0.164 -0,026 0 5 0,116 0,043 0,169 -0.029 0

10 0,324 0,073 0,332 -0,016 -0,007 10 0,334 0,071 0,341 -0.012 -0,0o06
15 0,516 0,123 0,531 0,015 -0.020 15 0,521 0,123 0,"35 0,016 -0.020
20 0.698 0,198 0,713 /0,05 -0,039 20 0,706 0.200 0.731 0,054 -0.039
25 0,894 0,307 0,940 0,100 -0,067 25 0,894 0,305 0,940 0,102 -0,068
3 1,0M8 0,449 1,167 0,155 -0,105 30 1,072 0,442 1.149 0,153 -0.080
35 1,254 0,617 1,383 0,213 -. 0,145 35 1,236 0,06W 1,361 0,210 -0,13&5
38 1,320 0,712 1,478 0,251 -0,164 40 1.373 0,762 1,541 0,2m - 'U,1t6
39 0,799 0,705 1,065 -0,045 -0,202 41 1,379 0.783 1.554 0.314 --0,155
40 0,790 0,707 1,060 -- 0,034 -0,220 42 1,397 0,828 1.52 020 -0.162
48 0,714 0,705 1,004 0,006 -0,191 45 1,461 0,925 1.687 0,379 -0.174
50 0,648 0,745 0,988 0.017 -0,192 46 0,698 0,723 1.006 0 -0.126
55 0,596 0,792 0,992 0,034 -0,200 50 0.61 0,747 0,907 0,02A -0.1l4
60 0,527 0,206 0,962 0,053 -0,200 W 0,600 0.780 0.9m 0,0471 - o0196
70 0,381 0,823 0,903 0,075 -0,197 60 0,532 0,803 0.961 0,069 -0oi1
80 0,251 0,892 I 0,9 0,092 -0.226 70 0,381 0.824 0.904 0,076 -o0.1V
90 0,111 0,900 0,960 0,111 -0,256 80 0,248 0,868 o.8W7 0.003 0• %

I 90 0,117 0,96U 0.92, 0.117 6J•..

Re 0,78 • 100 ASTERN MOT.•ON Re O..A zOP

S•o CC CD C1. CX s'~, _o ¢ ¢D r

-2 -0,056 0,039 -005 -0,037 0,001 0 0 0.073 n ()073 -;O~
S ,036 -0, -0.035 0,001 5 -0,147 0,078 0,53 0.065 -0.0w

S0,064 0,037 0,065 -0,034 0,001 1 -0423 0,166 0,445 0.090 -0.1635 0,162 0,042 0,165 -0,027 0 15 -0.577 0,40 0.60 0,83 O236
10 0,329 0,072 0,347 -0,014 -0,005 20 -- 0.705 0.,UA5 0,790 0.073 0.306
15 0,516 0,122 011m3 0,016 -0,019 25, --0,866 0,46d .6 01(t -0.3847
20 0,708 0,199 0,7.3 0,01.5 -0,039 30 - 0.976 0,603 1.147 0.034 --04.4
25 0,893 0,306 0,938 0,101 -0.(A4 35 -1.039 0.747 1,2k0 OOi.0 -0.47•'
30 1,084 0,442 1.159 0,159 -0,097 40 -1.8 O .. )OW 1 ... * mm.n,-A
B 15 Mo.. 1.36 0,2W -u.0,1 45 o.,. LOW 1.1I 0o.U-"
40 1.378 0,5.1 1,5U 0:311 -0,15s 50 o01W 09m o.W3 o.1( 0.342.'

45 1,47 0,930 1,695 0,3. I -0,181 35 -0,471 0.875 0,987 0,116 -0.336
" 1,478 0,966 1,721 0,382 -0,188 60 -0,388 0,922 0,992 0,125 -- .3,3
47 1,457 1,004 1,728 0,381 -0,104 70 -0,225 0,988 1,005 0.176 -0,313
48 1,451 1,010 1,720 0.,02 -0,198 14W -0,050 1,003 0,997 0,125 -- 0,288
49 0.073 0.739 1.,010 0,023 -- 0.196 90 -0,111 0,963 0.963 0.111 -0,259
50 0,668 0,743 0,998 0,034 -0,194
55 0,613 0,794 1,002 0,047 -0,202
60 0,548 0,818 0,982 0,065 -0,202
70 0,405 0,855 0,942 0,088 -0,205
80 0,278 0,872 0.907 0,123 --0,219
90 0.120 0,960 0,960 0.120 -0,255
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TABLE 11

Test Results for JfS 55 BR 15

Re =0,56. 10' Re -0.71 10'

CC Cy C fJEV 41 cc CD CY "V C
iiX~eD

- -0.073 0.031 -0,074 -0,028 -0,010 - 2 -0,080 0,031 --0,01 -0,028 -0,012
0,005 0.033 ('.005 -0,033 -0,002 0 0 0,028 0 -0.028 -0,001
0,06 0.011 0.064 -0,028 0.010 2 0,00 0.031 0,081 -0,028 0,011
0.20 0,040 0,206 -0,022 0,027 5 0.186 0,037 0,189 -0,021 0,030

I O.=302 O.w 0.3&W -0.006 0,064 10 0,335 0.059 0,340 -0,000 0,068
ja 0506 0,106 0,517 0.028 0,101 15 0,478 0,097 0,486 0,029 0,105

0.Z0 0=185 0.634 0.025 0,13w 20 0,601 0,182 0,627 0,035 0,139
I 0N6%74 0"2 0,748 -0.013 0,103 22 0,618 0,244 0,664 0,00.5 0,013

0,743 0M447 0,87 -0,015 0.124 25 0.664 0,331 0,742 -0.019 0,110
0.690 0,542 0.876 -0,049 0,102 30 0,721 0,438 0,844 -0,018 0,11P
0.661 0.548 0.' 73 -0,043 0,101 35 0,692 0,529 0,870 -0,036 0,098

37 O,657 0,•68 0,867 -0,069 0,097 36 0,670 0,541 0,860 -0,044 0,097
0,16, 0,001 0.8W2 -0.043 0.097 37 0,668 0,560 0,870 -0,045 0,099

W.52 0.641 0,868 -0,044 0,005 30 0,640 'i,594 0,872 -0,043 0,095
O.s" 0.712 0,b*7 -0.039 0.089 45 0,59.5 0,654 0,883 -0,041 0,097
0,478 41.7.-M 0.091 -0.041 0,065 50 0,538 0,704 OS85 -0,041 0,090
0,407 0.775 0,875 -0,036 0,073 55 0,485 0,751 0,893 -0,034 0,063
0.277 O.W4)I 0,884 -0,027 0,052 60 0,411 0,790 0,890 -0,039 0,072
0.137 oS 0O.87 -0,014 0.029 70 0,284 0,940 0,886 -0.020 0,050
0 0,870 0.870 0 -0.002 80 0,141 0.849 0,860 -0,009 0,029

90 0 0,876 0,876 0 0,001 4
3
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TABIA 12

Test Results for JfS 54 BR 15

Re -05 100 Re 00.71 0100
CC Oc D C'. C.r ej CY .• rr, ie. ft a

--2 -- 0,059 0.073 -- 0,062 -- 0,071 -- 0.017 -- 2 -- 0,056 0,071 -0,0591 -- 0,069 -- 0,018

0 0 0,69 0 --0069 --0,003 0 0,003 0,067 0,003 -0,0567 -0,0603
2 0,064 0,071 0,06 -00 0,00 2 008 0,4 0,018 -0,066 0,017

0,163 0.083 070 --0,068 000,029 4 0,927 0,073 0,273 -0.059 0,031
10 0,333 0,121 0,349 -0,061 0,057 41 0,340 0,117 0,355 -0,056 0,060
15 0,492 0,185 0,523 -- 0,051 0,075 15 0,44o 0,182 0,481 -- 0,059 0,078

20 0,629 0277 0,686 --0,045 0,03 240 0,79 0,277 0.689 -0,043 0,096
25 0,72 0,3951 OA8 --0,03 0,036 4: 0,760 0.404 104.2 -0,045 0,102
30 0,873 0,504 ,1,023 -80025 0.114 3L 01" 0,8) 1,018 -0,036 0,11635 0,967 0"688 1.187 -- 0,008 0.114 35 0,945 0,691" 1,171 -- 0.,?0% 0,117

40 0.95 00 1.266 --0,007 0.094 40 00922 0.89 1.237 -0,040 0,103
41 0,861 0,783 1,163 -0,026 0,07 41 0,80 0.795 1.155 -- 0,049 0,103
42 0,7"7 0,750 1,092 --0,064 0,06 40.066 -0,046 0,092
45 0,723 0'9 1,040 --0,0'26 0,060 0 -0,0074 1,042 -0,024 0,088
,W 0,652 0,792 1,02 , -00,009 0,07 6 51 0,604 0,7.• 1,030 -00010 0,078
5 0,577 0,825 1.007I 0 0"058 55 0,577 0,828 1,009 -0,002 0,073
60 0,489 0,844 0,970 0,001 01060 60, 0,491 0,858 0,989 -0,004 00063
70 0,326 0,81M 0.941 ol 71 0.349 0,1,9 0,024 0,08 -0,0049
SOI 0,1631 0879 0,894 0,010 0,024 08 0,158 0,887 0,901 0,002 0,029
97 067W 0,901 0.901 0,005 0.0 0 003 00 8 0,908 0,003 0002

Re =0,78.-104CCl o I CD C-y I CX oC
3 -0,064 0,54 -01,01 -0,0o 7 0,014
0 0 0,700 . -0,020 0.-00

40 0,962 0.837 1,275 -0,021 0,0181 0.490 0,037 1.234 -0,052 0,079
42 0.831 0,78 1.0124 -0,035 0,077
45 0,792 0,719 1,824 -0,025 0,070
20 0,690 0,843 1,329 -0,052 0,083
25 0,767 0,838 1,067 -0,04A 0,05330 0,963 0,544 1,019 -0,039 0,101
35 0.73 0,700 1,192 -. 0202f 0.110

60 0,489 0,867 0,995 -0,011 0,048
7 0,3170 0,904 0,957 -0,011 0,034
80 0,4165 0,890 0,905 0,017 0.016

90! 0,006 0,905 0.905 0,008 -0.002
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TABLE 13

Test Results for JfS 59 DR 15

Re 0,N6106

. I° Co CD o r I ey I i

-2 -0,059 0,078 oo2 -0,076 -o,00
S0 0 0,080 0 -0o,0 0 0,002

2 0,066 0,080 0,069 -0,078 0,011
5 0,163 0,095 0,171 -0,080 0,026

10 0,338 0,140 0,357 -0,079 0,048
15 0,492 0,199 0,526 -0,064 0,064
20 0,634 0,289 0,695 -0,0I5 0,083
25 0,785 0,404 0,883 -0,034 0,08
30 0,953 0,570 1,110 -0,016 0,113
35 1,022 0,738 1,260 -0,018 0,106
,0 1,029 0,887 1,358 -0,018 0.089
41 1,023 0,908 1,368 -0,014 0,090
42 0,792 0,752 1,091 -0,029 0`'.h
45 0,743 0,776 1,074 -0,025 4,068
50 o,669 0,802 1,045 -0,004 0,061
55 0,574 0,830 1,009 -0,006 0.052
60 0,487 0,85 0,983 -0,005 0,051
70 0,321 0,894 0,950 -0,005 0,035
80 0,159 0.903 0,917 -0,001 0,014
901 0 0,913 0,913 0 0,002

Re 0,71 • 10' Re =0,78. 10'

. Cc CD I l C x I CM° CC C C I CX CA(

- 2 -0,058 0,08 -0,061 -- 0,082 -0,00. - 2 -0,059 0,0 -0,06 -0,08 -0.012
0 0 0,080 0 -o,00 0,002 0o0 0,085 0 -0,085 0
2 0,065 0,083 0,068 -0,080 0,011 2 0,060 0,087 0,069 -0,084 0,012
5 0,152 0,096 0,160 -0,083 0,027 5 0,17S 0,096 0,181 -0,081 0,028

10 0,342 0,138 0,381 -0,076 0,047 10 0,341 0,140 0,380 -0,078 0,049
1_ 0,494 0,193 0,328 -0,064 0,064 15 0,502 0,209 0,639 -0,072 0,071
20 0,640 0,300 0,704 -0,063 0,087 20 0,649 0,296 0,711 -0,056 0,089
25 0,782 0,429 0,890 -0,0,58 0,093 25 0,791 0,4289 0,898 -0,053 0,096
30 0,930 0,577 1,094 -0,035 0,115 30 0,928 0,573 1,090 -0,032 0,116
35 1,024 0,757 1,273 -0,033 0,113 35 1,019 0,749 1,263 -0,029 0,109
40 1,020 0,906 1,384 -0,039 0,098 40 1,019 0,891 1,353 -0,027 0,094
41 1,009 0,923 1,366 -0,037 0,001 41 1,005 0,926 1,365 -0.039 0,089
42 0,806 0,747 1,099 -0,015 0,074 42 0,808 0,779 1,121 -0,039 0,075
45 0,729 0,775 1,063 -0,033 0,065 45 0,747 0,780 1,079 -0,023 0,067
50 0,661 0,809 1,045 -0,014 0,061 50 0,660 0,820 1,052 -0,022 0,063
55 0,581 0,835 1,017 -0.003 0,053 55 0,583 0,852 1,032 -0,011 0,066
60 0,492 0,858 0,989 -0,003 0,047 60 0,503 0,874 1,008 -0,002 0,047
70 0,315 0,881 0,935 -0,005 0.037 70 0,322 0,901 0,956 -0,007 0,033
80 0,160 0,899 0,913 0,001 0,012 80 0,103 0,910 0,924 0,002 0,017
901 0 0,921 0,121 0 -0,001 90 0,005 0,918 0,918 0,005 -0,000
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TABLE 14

Test Reoults for HtS 57 BR IF

Be -0,6 10 Jo. Re 0.71. 106

CC ep Cr e m . c D - ex

- 2 -0,087 0,028 -0,01M -0,066 -0,013 - 2 -0,056 0,030 -0,057 -0,028 -0,011
0 0 0,026 0 -0,026 0,001 0 0,003 0,028 0,003 -0,028 0,008
2 0.080 0,031 0.000 -0,029 0,019 2 0.059 0,031 0,060 -0,029 0,022
5 0,147 0,043 0,150 --0". 0,044 5 0,148 0,037 0,150 -0,024 0,0•5

1 0,203 0,069 0,300 -0,017 0,078 10 0,293 0,068 0,300 -0,016 0,081
15 0.43 0,123 0,45 -0,006 0,099 15 0,435 0,123 0,452 -0,006 0,101
20 0,579 0,P13 0,617 -0,002 0,106 20 0,572 0,217 0,612 -0,008 0,111
25 0,717 0,236 0,792 -0,002 0,092 25 0,619 0,349 0,780 -0,021 0,007
30 0.894 0,511 1,090 0,015 0,121 27 0,735 0,401 0,837 -0,023 0,101
35 1,010 0,68 1,222 0,016 0,130 28 0,751 0.427 0,863 -0,024 0,104
40 1,083 0,875 1,370 0,006 0,134 29 0,825 0,470 0,949 -0,011 0.117
42 1,044 0,922 I,394 0,014 0,102 30 0,877 0,506 1,013 0,001 0,123
43 0,706 0,707 0,997 -0,086 0,078 35 0,985 0,703 1,210 -0,011 0,140
45 0,672 0,726 0,988 -0,038 0,078 40 1,038 0,889 1,366 -0,014 0,127
50 0,601 0,776 0,^82 -0,038 0,070 42 0,696 0,965 1,385 -0,051 0,120
55 0,&4 0,825 0,981 -0,036 0,062 43 0,704 0,724 1,009 -0,050 0,006
60 0,454 0,868 0,978 -0,041 0,058 45 0,667 0,736 0,992 -0,048 0.086
70 0,300 0,908 0,956 -0,028 0,047 50 0,603 0,794 0,995 -0,048 0,077
80 0,149 0,929 0,941 -0,014 0,023 55 0,535 0,841 0,990 -0,045 0,073
90 -0,005 0,964 0,964 -0,005 -0.002 60 0,455 0,88 0,990 -0,048 0,067

70 0,307 0,940 0,967 -0,033 0,048
80 0,154 0,944 0,956 -0,013 0,030
90 0,001 0,962 0,962 -0,002 0

TABLE 15

Test Results for Square Plate B/L = 0.015
Re = 0,86. 10' e 0,71 • 10'

Cci CjD . . I do-- Cc CD CT CX cM.

- 2 -0,057 0,018 -0,057 -0,016 0,004 - 2 -0,058 0,022 -0,057 -0,020 -0,002
0 0 0,017 0 -0,017 0,001 0 0 0.018 0 -0,018 0,001
2 0,067 0,017 0,057 -0,015 -0,003 2 0,056 0,019 0,057 -0,017 0,004
a 0,166 0,024 0,158 -0,010 -0,004 5 0.151 0,030 0,153 --0,016 0,007

1 0,338 0.071 O,3S" -0,01 -0,(98 10 0,349 0.077 0,357 -0,015 -0,006
15 0,553 0,149 0,573 -0,001 -0,037 15 0,544 0,155 0,565 -0,009 -0,034
20 0,762 0,272 0,809 0,006 -0,082 20 0,749 0,271 0,797 0,001 -0,077
25 0,9 0,423 1,021 0,010 -0,129 25 0,925 0,413 1,013 0,017 -0,120
30 1,070 0,587 1,220 0,027 -0,175 30 1,047 0,587 1,201 0,016 -0,165
3 1,155 0.762 1,382 0,038 -0.213 35 1,159 0,758 1,384 0,043 -0,002
40 1,178 0.939 1,505 0,038 -0,256 40 1,177 0,944 1,808 0,033 -0,230
41 1,153 0,939 1,486 0,040 -0,256 41 1,157 0,936 1,487 0,052 -0,247
42 0,803 0,714 1,123 0,050 -0,202 42 0,354 0,725 1,119 0,032 -0,199
45 0,773 0,747 1,074 0,018 -0,201 45 0,78M5 0,748 1,083 0,027 -0,195
50 0,681 0,768 1,026 0,029 -0,194 50 0,689 0,768 1,031 0,034 -0,187
55 0,61M 0,785 0,985 0,038 --0,188 55 0,599 0,784 0,985 0,042 -0,181
60 0,M50 0,02 0,945 0,034 -0,184 60 0,506 0,821 0,964 0,027 -0,186
70 0,336 0,863 0,926 0,021 -0,192 70 0,334 0,840 0,903 0,027 -0,186
80 0,180 0,975 0,991 0,008 -0,234 80 0,182 0,946 0,964 0,015 -0,223
fo 0 1,048 1,048 0 -0,2065 90 0,001 1,036 1,036 0,003 -0,262
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TABIE 16

Tast wasu.ts for Square Plate B/f - 0.03

1- 0,87. 10, He. 0.71 • 105
* a

16 C C r e em' i CC ep or OX

-s2-ooHl 0,03s •-00563 -0,am031 oa -t -0,061 o,06 0-0063 -0,063 0,004

0 00 0. 03 0o,06 0,15 0 -. 033 0,002 0O, 0,034 0,003 -0,031 0,001

10 0,338 o.oN0o,349 -0,03s -0,009 10 0,342 0,002 0,353 -0,031 -0,00018 o.,M 0,170 0o,50 -0,025 -0,036 15 0,527 0,167 0,552 -0,025 -0,036
10 0,754 0,286 0,778 -0,022 -0,077 20 0,722 0,289 0,778 -0,024 -0,060
28 0,887 0,428 0,965 -0,013 -0,116 25 0,876 0,404 0,965 0,004 -0,117
30 1,036 0,592 1,193 0,005 -0,160 34) 1,016 0,S84 1.171 0,002 -0,114
& 35 1.110 0,762 1,353 0,018 -0,202 38 1,106 0,764 1,43 0,008 -0,203
4 1.854 0,920 1,478 0,038 -0,246 40 1,142 0,914 1,463 0,034 -0,240
41 1,147 0,951 1,489 0,035 - 0,2M 41 1,132 0,937 1,468 0,035 -0,243
42 0,853 0,716 1,112 0,038 -0,194 42 0,849 0,728 1,118 0,027 -0,198
48 0,316 0,743 1,103 0,053 -0,194 45 0,796 0,78M 1,097 0,029 -0,198
50 0,681 0,771 1,028 0,026 -0,186 50 0,095 0,7.4 1.047 0,028 -0,187
55 0,882 0,70 0,973 0,02o -0,176 55 0.604 0,796 o., 0,037 -0,182
60 0,489 0,797 o,5 0,034 -0,176 60 0,494 0,807 0,946 0,064 -0,177
7 0,321 0,863 0,921 0,007 -0,188 70 0,333 0,855 0,917 0,060 -0,182
80 0,177 0,953 0,970 0,009 -0,217 80 0,175 0,960 0.978 0,005 -0,.217
901 0,007 1,062 1,062 0.007 -0,259 90 0,005 1,066 1,006 0,005f -0,263

TABLE 17

Teat Results for Square Plate B/L 0.05
Re = 0,56 • 10t Re = 0,67 • 106

C CD Y I CX cM eit,,,

0 0,005 0,080 9,005 -0,080 0,001 -0.000 0 0 0104 0 -0,014 0,003 0,0025
2 0,062 0,057 0,063 -0,055 0,018 ooo2 2 0,061 0.058 0,063 -0,055 0,018 0,0021
5 0,161 0,069 0,166 -0,084 0,039 -0,003 5 0,166 0,071 0,171 -0,056 0,040 0,0027

10 0,336 0,116 0,351 -0.056 0,066 -0,003 10 0,345 0o,117 0,360 -0,088 0,068 -0,0218
181 0,518 0,192; 0,580 -- 0.051 0,088 -0,053 1I 0,814- 0,193 0.4W6-0.053 0,08M -0.0 N"06
30I 0.4190 0,•91 0,748 -0,037 0,098 -0,0"9 20 0,697 0,315 0,763 -0,047 0,102 O -0,0889
25 0,844 0,428 094 --0O,1 0,096 -0,1"9 25 0,859 o,460 0,972 -0,054 0,109|--0,1343
30 0,991 0.619 1,168 -0,040 0.114 -o,1j8s 30 0.095 0,624 1,173 -0,041 0,111 1-0,1821
40 1.1Oo 0,948 1.459 -0,013 O,1'2 -0.263 40 1,125 0.954 1,475 -0,008 O,101 -0,6%77
41 1,105 0,9788 1,4732 -0,03o 0,17 -0,27o 3 1,107 1,0O1 1,493 -0,03• 0,102 -0,2i-o
41 1,095 0,979 1,472l 0,004 0,0i9 -0,274 4• 1,079 1,010 1,498 -0.035 0,1031 -0,2674

43 0.89 0,W80 1,206 0,0o.o 0,080 -0,212 43 0,02 0,790 1,148 -0,010 0,072 -0,2161
48 0,785 0,W84 1,123 -0,013 0,082 -0,200 45 0,798 0,795 1,126 0,002 0.070 -0,2115
80 0,714 082 1,103 0,006 0,069 -0,207 50 0,731 0,&44 1,117 0,017 0,065 -0,214"
85 0,624 0,884 1,082 0,004 0o,83 -0,207 55 0,616 0,879 1,0735 0,001 0,062 --0,205
60 0,530 0,9212 1,063 -_0,,03 0,061 -0,20oi 60 0,521 0,017 1,055 -0,008 0,084 -0,2097
70 0.&38 0,946l 1,005 -o,o07 0oo0 -o0,20H 70 0,342 0,942 1,002 -0,001 0,039 -0,2111
9 80 0.161 0,958 0,972 -0.006 0,023 -0,220 80 0,162 0,964 0,977 -%1,008 0,023 -0,2214
901 0 0,19 0,998 M 0 0 I-0,250 90 0 0,996 o0t9 0 0,001 -0,2484
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TABLE IS

Test Results for Square Plate 01. - 0a07

Rio-- 0,54.10, Re - 0.71 •10

* o r e, -.w CC e. ey I e

2 -0.068 0.071 -0,064 -0o0o 0,00 0 0 0.074 0 -00074 0,002

0, 0 0,0e9 0 -o1oe9 0.003 2 0,0,0 0.077 0.078 -0.074-0,0012 ooeU 0,071 0.0"t -0,0o0 -0,002 5 .190 0,006 0.187 -0.072 -0,006
5 O0,16 0,090 O,163 -0,067 -0,006 10 0,32 0.132 0.,341 --0,073 -0,018

•10 0,315 0,128 0.332 -0,08l) -0.020 16 0,485 0,206 0.521 -0,073 -0,047
S15 01482 0O199 0,517 -- 0,067 -- 0,048 20 0,654 0,311 0,721 -- 0,068 -- 0,09,

S0 0,648 0,305 0.712 -0,065 -0,093 25 0,788 0,442 0.901 -0,068 -0,142
25 0,783 0,440 0,896 --0,068 -0,140 30 0,915 0,53 1,089 -0,05 -0,187
30 0.08• 0.5" 1.079 -0,054 -0,184 3 0.98 0.738 1.2 -0,049 -0.222
35 o,0, 0,72 9 1,8 -0,030 -0,213 40 1,000 0.873 1.327 -0,002 -0,2474C 1 094 0,880 1.,36 -0,M• -0,247 41 1,003 0,901 1.348 -0,021 -0,2W5
S41 1,010 0,8U0,1, -- 0,008 -0,147 42 0.788 0,788 1,106 -0,051 -0.215S42 0.M: 0,764 1,116 --0,010 --0,205 4.5 0,7.57 0,749 1,066 --0,006 --0.202

S45 0,73B -0.738 1.044 0 --0.195 50 0,698 0,768 1,037 0,060 -- 0,199
5 0.O 8 0,ato7o1 1,021 0.043 -- 0,197 55 0,618 0.80m 1,014 01044 -0O200

56. 0.091 0.792 0.094 0.09 --0.192 60 0,512• 0,828 0,972 0.029 -0 .198
80 0,497 0,818 0,967 0,021 -- 01189 70 0,310 0,871 0,927 0,002 -- 0.202
70 0,31 ,5 6 O,8 0,l1 0,003 --0,194 80 0,175 0,972; 0.987 0.003 --0,238

P8o 0.17 0.975 0,990 0.001 -0.236 90 0,002 1,076 1,076 0.002 -0,279
0 1,071 1.071 0 -0.275

t I I I

40 - J

4,4
- C. /R . M 9 -9. N W
OL4, i rj -j *) rie t rJ6N so, a* ;r l V " J

Figure 18 - Flow Forces on Rec- Figure 19 - Flow Forces on Rec-
tangular Rudder TMB 075 075 15 tangular Rudder TMB 075 075 15 in

A i 1, Re = 0.69 . 106, JfS wind Astern Motion
tunnel measurement, uncorrected, AR = 1, Re = 0.56 . 106, JfS wind
AR/AS = 0.204. (Numerical values in tunnel measurement, uncorrected,

Table 4) AR/AS =-0.204. (Numerical values in
Table 4)
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J6--R,=,, R-0.79.. 16! HS wind•,_ Moio

guAr R ude /AAA =01 0.204. (Nuddera value inAtr

i 'rTable 5).I

{,V

-4!

II
- 4c-,--,- • L-

Figure 2 Fow Forces on Rectan- Figure 2- Flow Forces on Rectan-

gular Rudder NACA 0025 gular Rudder NACA 0025 in Astern
RfMotion
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Figure 2.4 n Fow Forces on Rectan- Figure 25 - Flow Forces on Rectank-
gular Rudder HfS 58 TR 15 gular Rudder JfS 58 TR 15 in Astern

Motion

'L, "• •" - - -

_------------------- -"

SI-i

-I4

Figure 26 - Flow Forces on Rectan- Figure 27 - Flow Forces on Rectan-
gular Rudder HfS 58 TR 25 gular Rudder JfS 58 TR 215 in

Astern Motion
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Figure 28 - Flow Forces on Rectan- Figure 29 - Flow Forces on Rectan-
gular Rudder HfS 61 TR 25 gular Rudder JfS 61 TR 25 in

Astern Motion

4.4

-4 +

-44LL -ILi

Figure 30 - Flow Forces on Rectani- Figure 31 - Flow Forces on Rectani-
gular Rudder JfS 62 TR 25 gular Rudder JfS 62 TR 25 in

Astern Motion
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Figure 32 -Flow Forces on Rectan- Figure 33 Flow Forces on Rectan-'gular Bow Rudder JfS SSRRI gular Bow Rudder J±fS 57I~iS ER 15
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Figure 36 - Flowi Force" On Square Figure 37 -Flow Forces ot SquarePlate BA =0.015 Plate BA - 0.03

4A- 
.

.41a 
~ N' "

IFigure 38 - Flow Forces on Square Figure 39 - Flow Forces on SquarePlate BA-m 0.05 Plate BA- 0.07
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Figure 42 - Drag Power Requirement of Various
Rudder Profiles at Rudder Angle

in Straight-Ahead Motion

TABLE 19

Rudder Efficiency and Drag Power Requirements of the
Profiles Investigated

MOTION ALON THE TURNIVO CIRCLE

STRAIOHT- AHEADUMOTION -'-" .
PROFILE • ~r"D|I r;Var

CONTROL--| POWER| OT04 PONE

________ __ - I EoWIREMEN4 COFL &j

,ACA W15 ......................... 0,79 - 0.422 0,136 - 0,675 0.062
002......................... 0.78 - 0,586 0,145 - 0,637 0.061)

JfS 58 TR 15 ...................... 078 -0,670 0,166 - 0,714 0,097
0) . ...................... 0.78 - 0,60 0.191 - 0,6M 0,115

J(8ft TR 25 .................... 0.78 -0.706 0,199 -0,742 0,116

SEE ALSO FIGURE 43.

I

I' 5



1i

4- - 1.

e -4-

t Po5 YAW-CHECKING f r ME TINS
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Figure 43 -Drag Power Requirement and Zfficiency
of Profile JfS 58 TR 25 for Straight-Ahead Motion

and for Motioni along the Turning Circle LLJAI 0.5
RECTANGULAR . I

*PLATESIM. 40L -4 06
THE SAME, ACCOR4DING TO (23] AND (24]

- . THE SAME, TRAPEZE ITRAPEZOIDAL FORM)

M* MI S ACCORDING TO [25)
x ffMR5 F71

41 ,,

Figure 44 - Influence of Aspect Ratio on the Transverse-
Force Coefficient for Various Rudders
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Figure 45 - Influence of the Reynolds Number on
the Transverse-Force Coefficient lor Various Rudders

G. MEASURES FOR SUB3SEQUENT ALTERATION OF RUDDER CHARACTEISTICS

This catch word vwa adopted a.ter the last war in order to resume

research work on the problems concerning ship rudders. Even today there

arises again and again the problem of improving the qualities and the

efficiency of a rudder, with the aid of limited means in most cases.

Frequently, an improvement in directional stability is what is

desired. Tke most inexpenaive means to achieve this is by the so-called

rudder wedge arrangement. Figure 46 shown an example taken from the

extensive investigation by Thiemann.30 Figures 46a, b, and c indicate,

*Translator's note: Stankeil - "stagnation" bdge.
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moreover, how this brings about a change in transverse force, resintance,

and monmnt. Of _ouee._ the iq.rovent of the tranaverbe force and

directional stability entails a certain additional resistance mnd a higher

rudder moment. Moreover, it must be borne in mind that the effect of tne

wedge arrangement is all the greater, the poorer the design of the initial

profile which is to be improved. That is a unique disadvantage of the

more recent profiles; they can no longer be improved so easily later on by

fittizg a wedge on the profile.

The development of the wedges fitted on the trailing edge of

rudders will hardly be clarified entirely by the statements made here.

After the last war it was a prestige question at one time whether this

procedure originated in the model basin or in the shipyards building

coastal vessels. It must he admitted, however, that ovolutionally the

procedure of the model btain was based on the trailing-edge control mecha-

nias developed a number of years before for missiles by Herbert Wagner

which makes this procedure about 20 years old now. Meanwhile, however, the

author following a friendly suggeation was able to ascertain that even as

early as 1934 the Hovaldt Co. of Hamburg (Howaldt Shipyard at Hamburg) had

fitted the neamide resort ship KONIGIN LUISE with a kind of alternately

step-like rtdder wedge to compensate for a reduction of the rudder a ea.

In the meantime, the shape of the rudder wedge has undergone a

considerable evolution. First, the combination of a shortening *f the

profile at the trailing edge and the simuitaneous fitting of a wedge at the

new trailing edge, as showu in Form II in Figure 46, was successfully used

in actual practice and later investigated experimautally. Thereby it is

possible by the skillful application of these measures not only to in-

crease the transverse force in the entire angular range, but dAso to re-

duce the rudder momnt at the same time, as seen again in Figures 46a, b,

and c.
It should be pointed out neverthelees that the astern character-

iatics are affected somwat adversely by the wedge arrangement. On the

other hand, steering ability in astern motion depends less on the form of

the rudder than on the rudder arrangement. In the case of a narrow pro-

peller aperture or a twin-screw single rudder immediately behind the dead-

wood, shortening the deadwood helps more than changing the rudder profile.
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a) Change in the Transverse-Force
Coefficient

-]4

b ) Change in the Resiennc Coefficient
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P~igure 46 - Effect of Rudder Wedge Arrangement
with and without Profile Shortening on

Flow Forces Acting on Rectangular
Rudder NACIA 0015

55



!
We might mention in this connection one other inex.enesive and a] -

ready proven mthod cf 1-hevin h,uthe A M.er, at.h- '. the use of and

p disks. In any event, this increases the contribution of the rudder to

directional stability although it produces some additional resistancep

Sespecially far larger axpect ratios. At smal]er aspect ratios, say, at

1.U or even below that, the re.sietance increase ýs small] in relation to

the increase in the transverse force; in that cae, however, the maximum

rudder effect decreases so that we must count on a decrease in the maximum

turning ability.

H. *VTJ TRDD IN RUDDMS FORM

The optimum which was approximately obtained for balazced-rudder

profiles with such forms aulfS U8 TR 25 and IfS 62 TR 25 vill have to be

investigated further in view of the influenoe of structural demires for a

thick trailing edge and possibly for even greater profile thicknesses.

In this connection, the danger of cavitation or air penetratiorn, when

rudders operate near the surface will have to be considerd as the Froude

number increases.

A parallel development for guide head rudders and semi-balanced

rudders my be based on these results. In the came of the guide head

rudders, a certain measure of balancing is urgently desirable as a partic-

ulor goal of the development; thus far, this has been obtai ed in the

highest degree with the HSVA form according to Figure 74.

Ij In view of the bow-rudder development and the control W -he

astern motion with normal stern rudders, it ins not enough to cc .inue the
development of the bow-rudder form now begun. The effect of thc deadwood

in front of the stern rudder and of the ship hull behind the bow ru itir

warrants investigation. In both oases. a certain interspace must rr• ain

in order that the cross flow in the wake of the rudder does not react upon

the hull with full force.

The above-mentioned fundanental influence exerted on the rudder

forces by the turning of the ship which deform the entire rudder polar

curve must be investigated still further, especially in view of the maxi-

saom rudder effect, since possibly the simple conversion process used here

does not encompass the overall improvement which might be obtained.
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A special objoctive for modet tests at particularly smal] Reyrolia

numbers, on one hand, and for certain types of ships, on the other, con-

Isists in the development of rudders which, for structural reasons, must

SR have adequate shaft thickness while acting supposedly like thin plate

rudderu,. Rudder IfS S7 1R IS Investigated here ha not yet proved to be
I satisfactory in this sense; it still remains at a disadvantage compared

t to the plates nf equal or even greater edge thickness.

W It goes without saying, that additional effects due to the influence

of the propeller slipstream, a greater Reynolds number, ani natural

roughness must be kept in mind for all further developments. In this

connection the question becomes interesting as to the extent to which a

partial flow separation may be quickly compensated for by giving a limited

amount of rudder angle if the maximum transverse force is exceeded. If

adequate safety cai be provided in this area, the operational performance

of rudders can also be increased in a simple manner by stepping up

appreciably the permissible hard-over position of the rudder.
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APPENDIX

DISCUTSSION BY OTHER INVESTIGATORS

Dr. &ig. Dr. Aschenbach, Frankfort (expanded in writing)

In 1943, 1 was engaged in experiments on new types of rudders on

the basis of two German Reich patents; these experiments were altogether

different from those discussed in the present paper, o

One of the patents dealt with perforated and staggered rudder

surfaces and the other with a 'spreading rudder' (German 'Spreizruder')

which served as an anti-roll stabilizer.

The tests with the slotted rudder were undertaken at the request of

the Reich Ministry of Transport and were carried out by the Hamburg Model

Basi (HSVA).

In these tests, the slotted rudder was investigated in comparison

to a conventional rudder of a barge; the former had only 89 petcent of the

area of the conventional rudder. The greatest profile thickness of the

conventional rudder amounted to 1/30 while that of the slotted rudder

amounted to 1/11 of the rudder length; in both cases it was located in

the turning axis which was arranged approximately 17.S percent of the

length behind the leading edge of the rudder.

The balancing surface was equally large for both rudders; however,

the slotted rudder exhibited a greater equilibration due to the slot and

to the pressure increase in the forward zone of the flow which occurs in

the case of streamlined profiles. The body plan of the barge and the two

rudders are represented in Figure 1.

Two series of tests were carried out. First, the steering moments

and the rudder turning moments were measured for various rudder angles

with the model running straight ahead and then Z-maneuvers were carried

out.

The curve of the steering moments are presented in Figure 2, and a

curve of the rudder turning moments for both types of rudders is shown in

Figure 3. From these, the energy expended in shifting the rudder was

comuted and is represented graphically for both types of rudders in
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CONVENTIONAL RUDOER ASCHENSACH SLOTTED RUDDER

Figure 1 - Body Plan of the Barge and of the Two Rudders

Ii1

61



f IN

_ _ Im
M f %b

N3MVMv. ----o*y

Ny

_Ion to.'

I ONIWIJ. 3OO2



= ------ :--- i
V3"b 3NIN. ONIUiNS NI O3ON3dX3 *p--is MUMN

OF

(011



Figure 4. It will be seo that up to i rudder angle of 20 deg, the

Aschenbch-__•ltted rudder can he shiftod mro easlly w.Ih equal rudder

efficiency.

It should be pointed out that these tests with elements were not

intended to determine optima rudder arrangements but only to compare the

conventional rudder with a slotted rudder designed on the spur of the

moment. The slotted rudder should have been adapted to the hull. This is

proved by my design for concrete tankers whose rudders were adapted to the

form of the chip and as a result, exhibited a comparatively smaller head

resistance both in the experimental tank at the Berlin Research Institute

for Hydraulic Mgineering and Shipbuilding and on the river Danube.

During the test runs along a sinuous course, the rudder is shifted

to sero, whereupon it is shifted to port or starboard by means of a steer-

ing engine and the shearing of the model out of course is observed. Once

the model has reached a course angle of 10 dog, the rudder is shifted to

the opposite course and the masuring process is repeated. By carrying

out this maneuver several times, we obtain the Z-maneuver for 10-, 20-,

and 30-deg rudder angle. If the rudder is shifted in intervals from one

hard-over position to the other (from full-right to full-left rudder), a

turbulent flow is produced about the rudder which does not calm down very

quickly; in the. case of the moving ship, on the other hand, an almost

laminar flow occurs since the rudder is shifted slowly with the result that

the streamlining of the rudder stands out more prominently compared to the

muatreamlined conventional rudder Just as the existence of a slot becomes

more prominent, too.

Although these tests demnstrated a certain superiority of the

slotted rudder, it would nevertheless be a good idea if the author of the

pqper would extend his Investigations to include this type of rudder also

since in wartime not all of qo proposals, objections, and modifications

could be taken into consideration.

The other patent referred to oncerned A twin 'spreading rudder'
('Spreizdoppolruder.t "spreading double rudder") which is to serve the

purpose of roll quenchig. According to the intensity of the seaway, the

angle of sread (or flare) a Is adjusted, aid by means of the twin rudder,

that half of the rudder which in effective in a given case can reduce the-

64



yawing of the ship nd thuIs the rolling am well since the yawing and

ter of gravity, the result is that steering the ship along a straight

i-course most aleu have the effect of dampin the rolling of the shipc at

least the rolling oscillations, at the same time.

The steering rudder does not participate in this; the spreauing

rudder, however, which may be installed fore or aft of the steering rudder

is controlled by a groscope which shifts it accordingly. In a calm sea,

the angle a may be set at zero.

Figure 5 shown a sketch of the arrangement. It has not been

executed as yet. However, since it is simpler than other stabilizers, I

should like to recommend that the author include this rudder arrangement

in future tests.

Prof. 0. Weinblua, Dr. &., Dr. Mng. h.c., Hamburg
(Word of appreciation).

Although the somewhat unfortunate time history may have tired you

perhaps, you have nevertheless gained the impression how much work may be

accomplished in this field, already regarded as classical, and how much

has actually been accomplished by Mr. Thieme. The latter now resembles a

sponge which is sucked full of useful information; hence, we may expect a

number of interesting results from him in the course of the next few years.

I believe that I speak for all present when I say that we are very

grateful to Mr. Thiene for his fundamental and practically intereating

presentation; thus we conclude the present lecture (Lively applause).

Dr. J. Richter, Dr. Mag., Berlin (submitted in writing).

First of all, I wish to express m appreciation to Mr. Thieme for

his report. He my be certain that not only naval architects but also

marine engineers and electrical engineers are keenly interested in this

vork.

I was particularly interested in the difference in the turning

ability of the small ship model in ccmparison to the full-scale ship if the

rudder is dimensioned according to scale and if one is governed by Froude t s

law when determining the model speed. In one individual case, I have
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aicertained that for a scale of length of 1:750 the turning ability of the
model fell 16 percent below the turning ability of the full-scale ship.

I am aure that the author can furnish information am to the size of the

model rudder required in order to predict the actual turning ability of a

full-scale ship from steering tests with mode.ls

Dipl.-Ing. H. Thieme (Written reply)

The two proposals made by Dr. Aschenbach--slotted rudder and

spreading rudder-had not previously come to my attention nor presumably

to many in this audience; hence, this presentation of his proposals will

contribute to many additional lines of reasoning in the rudder develop-

ment. What is commn to both proposals from the hydrodynamic standpoint

is that they concern the problem of the tandem rudder. Inasmuch as few

data exist on this subject, I had already taken this project into con-

sideration for further prograns. Thus, the recommendation of Dr.

Aschenbach falls somewhat prepared ground.

I should like to point out, however, that I do not expect any

advantage can be gained by uming a slotted rudder. The superiority of

this form as obtained in the rudder moment for equal efficiency in the

lower angle range is based less on the superior quality of this arrange-

ment than on the arbitrary underbalancing of the barge rudder used for

coiparison.

I have some reservations on accepting the conjecture regarding the

dynamically obtained flow c ndition on the model rudder and the laminar

condition on the ship rudder.

in conclusion, I -wih to e&reau my keen appreciation to Dr.

hachenbach for sharing his experiences with us and for hin suggestions.

The question raised by Dr. Richter with regard to the methods of

accoumting for scale effect on the rudder efficiency broadens the scope

of the subject in a natural and weldome manner. Hence, I am doubly

grateful to him for his observation.

Yct me first turn to Dr. Richter"s statement that in one case he

observed that the turning ability of the model amounted to only 84 percent

of the turning ability of the ship. In a study of U1 ships of all possible

types #Ad various a-udder angles, Suez and StruWf (Davidson Laboratory
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I Note No. 548) determined the ration of the turning ability between model
and ship to be between 0.7 and 1.14p in which case the values below 1 are

altogether preponderant. Hence, Dr. Richter's observation lies within

the range of statistically normal expectation.
The following scale effects may have an effeut on the magnitude of

the force to be expected on the rudder:

1. Apart from undesirable and extreme laminar effects, the wake on
the rudder is generally greater for the model than for the ship.

2. For rudders in the propeller slipstream, we must alWa assume
a greater velocity increment for the free-running models than for the
ship. This effect is thus the opposite of the one referred to under 1.

Hence, the final result mW lie in both directions.

3. In the came of similar flow conditions, the smooth model rudder

with a smaller Reynolds number normally shows smaller force coefficients

in all cases than the rougher ship rudder with a greater Reynolds number;

from this, too, we may therefore expect a contribution in term of a

reduction of the ratio of the turning ability.

In the normal case, no suitably computed corrections are made in
model tests because of the considerable difficulties encountered in
estimating these effects in advance. In case of . given advance estimation

the ratio of the turning ability to be expected under 1. may be guarded

against by a dissimilar enlargement of the rudder area on the model or-in

case one is rectricted to fairly moderate rudder defloctions-by replacingj the streamline nodel rudder by a plate model rudder.

Although this goes somewhat beyond the question raised by Dr.
Richter, but I want to avoid having the reader jump to any oversimplified

analogy conclusions. Hence, I wish to add immediately that theoretically

the change in the course stability as well as in the yaw-checking ability

=aW be expected to amount to no more than approximately one-half' the

magnitude owing to the scale between model and ship in view of 1. and 2.;

This result is obtained if consideration is given to the change of the

flow angles on the rudder which is brought about by the scale effects.
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